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Abstract
We synthesized a novel semiconducting, regioregular chiral polythiophene with low poly-
dispersity. Two synthetic procedures and two enantiomeric excesses were employed and
the corresponding materials (P1S, enantiopure, about 20 repeating units; P2, enan-
tiomerically enriched, about 60 units; P2S, enantiopure, about 50 units) were deeply
characterized from molecular (NMR, NMR-2D, MALDI–TOF MS and SEC), thermal (DSC),
structural (XRD, XRD-2D and SAXS) and optical (FTIR, UV–vis, CD and PL) points of view.
Solutions in good and poor solvents, thin films and powders were examined. The process
of aggregate formation was followed by means of UV–vis, circular dichroism (CD) and
photoluminescence (PL) spectroscopies in order to study the conformational geometry of
the forming structures and investigate their relationship with the origin of the optical
activity. The longest enantiopure polythiophene was thereafter used as donor compo-
nent of solar cell active layer and, after proper functionalization, as a macroinitiator for
the polymerization of a diblock copolymer with polyvinylpyridine. This copolymer was
characterized with NMR and its aggregation studied with UV–vis and CD spectroscopies.
In questo lavoro di tesi ho sintetizzato un politiofene regioregolare chirale avente bassa
polidispersita`. Lo specifico semiconduttore organico che ho preparato non e` mai stato
riportato in letteratura. Sono state utilizzate due differenti procedure di polimerizzazione
e due diversi eccessi enantiomerici ed i polimeri ottenuti (P1S, enantiopuro, circa 20
unita` ripetitive; P2, enantiomericamente arricchito, circa 60 unita`; P2S, enantiopuro,
circa 50 unita`) sono stati ampiamente caratterizzati dal punto di vista molecolare (NMR,
NMR-2D, MALDI–TOF MS e SEC), termico (DSC), strutturale (XRD, XRD-2D e SAXS) e
ottico (FTIR, UV–vis, CD e PL). I polimeri sono stati analizzati in soluzione di buon
solvente, in miscela con cattivo solvente, in stato solido come film sottile e come polvere.
Il processo di aggregazione e` stato seguito con spettroscopie UV–vis, dicroismo circolare
(CD) e fotoluminescenza (PL) per studiare la conformazione delle strutture in crescita e
l’origine supramolecolare dell’attivita` ottica. Il politiofene enantiopuro a piu` alto peso
molecolare e` stato testato come materiale donore in celle solari e, una volta adeguatamente
funzionalizzato, e` stato impiegato come macroiniziatore per la polimerizzazione di un
secondo blocco polimerico di poli(vinilpiridina). Il polimero a blocchi ottenuto e` stato
caratterizzato all’NMR e la sua aggregazione e` stata seguita con le spettroscopie UV–vis
e CD.
xi
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Chapter 1
Introduction
1.1 pi-Conjugated Polymers and Polythiophene
Conjugated polymers Conjugated polymers are attracting great interest and
research effort due to their semiconducting properties, suitable to substitute clas-
sical inorganic semiconductors (for example silicon) in lightweight and flexible
devices. Inconveniently conjugated polymers are generally insoluble and infusible
materials due to their rigidity and to strong intermolecular pi−pi stacking interac-
tions. In order to increase the solubility and to modulate the material properties,
conjugated polymers have been substituted with appropriate side groups.
Polythiophene Polythiophene was the first material to give good results in a
broad spectrum of applications such as light emitting diodes,1 field effect transis-
tors2 and organic solar cells3 due to its convenient optical and electrical properties
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Figure 1.1: Some conjugated
polymers.
1Y. Ohmori, M. Uchida, K. Muro, and K. Yoshino. “Effects of alkyl chain length and carrier
confinement layer on characteristics of poly(3-alkylthiophene) electroluminescent diodes”. In:
Solid State Communications 80.8 (Nov. 1991), pp. 605–608. doi: 10.1016/0038-1098(91)
90161-N
2F. Garnier, R. Hajlaoui, A. Yassar, and P. Srivastava. “All-polymer field-effect transistor
realized by printing techniques.” In: Science 265.5179 (Sept. 1994), pp. 1684–6. doi: 10.1126/
science.265.5179.1684
3N. Noma, T. Tsuzuki, and Y. Shirota. “α-Thiophene octamer as a new class of photo-
active material for photoelectrical conversion”. In: Advanced Materials 7.7 (1995), pp. 647–648.
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(b) regioirregular
Figure 1.2: Regioregularity in monosubstituted polythiophenes.
as well as excellent thermal and chemical stability. Polythiophene properties can
be tuned via an easy substitution at one or two of the β positions of the thio-
phene ring and these side chains can add solubility and processability properties
to polythiophenes. The polymer electronic and electrochemical properties can be
tuned by varying the electronic properties of the side groups. Also the bulkiness
of these groups is important, it can lead, via reciprocal steric repulsion, to a twist
in the polythiophenic backbone, reducing the conjugation length and ruining the
semiconducting properties. In order to minimize steric interactions, usually only
one side group per thiophene unit is bonded in β position, doing so the monomeric
unit results to be asymmetric.
Polymerization As shown in Figure 1.2, the polymerization of monosubstituted
thiophene can produce polymers in which monomers are randomly connected giv-
ing rise to a irregular polymer or polymers in which the repeating units are reg-
ularly oriented. All these polymers show different properties and behave as dif-
ferent materials.4 The polymerization method that allows us to obtain a better
regioregularity is a transition metal catalyzed coupling between thiophenic units
regioselectively substituted in the α positions with a halogen and a metal. In
doi: 10.1002/adma.19950070709
4Y. Kim et al. “A strong regioregularity effect in self-organizing conjugated polymer films
and high-efficiency polythiophene:fullerene solar cells”. In: Nature Materials 5.3 (Feb. 2006),
pp. 197–203. doi: 10.1038/nmat1574
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McCullough method5,6,7,8,9 this metal is a magnesium atom and the catalyst is
a nickel complex with a wide bite anglei ligand: dichloro(1,3-bis(diphenylphosph-
ino)propane)nickel (Ni(dppp)Cl2). Also in Rieke method
10,11 a regioregular poly-
(3-alkylthiophene) is obtained, but employing zinc as the activating metal and
dichloro(1,3-bis(diphenylphosphino)ethane)nickel (Ni(dppe)Cl2) as catalyst. Over
the last years the McCullough method was optimized resulting in a quasi-living
polymerization12,13,14,15 allowing one to gain control on the degree of polymeriza-
5R. D. McCullough and R. D. Lowe. “Enhanced electrical conductivity in regioselectively
synthesized poly(3-alkylthiophenes)”. In: Journal of the Chemical Society, Chemical Communi-
cations 1 (1992), p. 70. doi: 10.1039/c39920000070
6R. D. McCullough, R. D. Lowe, M. Jayaraman, P. C. Ewbank, D. L. Anderson, and S.
Tristram-Nagle. “Synthesis and physical properties of regiochemically well-defined, head-to-tail
coupled poly(3-alkylthiophenes)”. In: Synthetic Metals 55.2-3 (Mar. 1993), pp. 1198–1203. doi:
10.1016/0379-6779(93)90224-K
7R. D. McCullough, R. D. Lowe, M. Jayaraman, and D. L. Anderson. “Design, syn-
thesis, and control of conducting polymer architectures: structurally homogeneous poly(3-
alkylthiophenes)”. In: The Journal of Organic Chemistry 58.4 (Feb. 1993), pp. 904–912. doi:
10.1021/jo00056a024
8R. S. Loewe, S. M. Khersonsky, and R. D. McCullough. “A Simple Method to Prepare
Head-to-Tail Coupled, Regioregular Poly(3-alkylthiophenes) Using Grignard Metathesis”. In:
Advanced Materials 11.3 (Mar. 1999), pp. 250–253. doi: 10.1002/(SICI)1521-4095(199903)
11:3<250::AID-ADMA250>3.0.CO;2-J
9R. S. Loewe, P. C. Ewbank, J. Liu, L. Zhai, and R. D. McCullough. “Regioregular, Head-
to-Tail Coupled Poly(3-alkylthiophenes) Made Easy by the GRIM Method: Investigation of the
Reaction and the Origin of Regioselectivity”. In: Macromolecules 34.13 (June 2001), pp. 4324–
4333. doi: 10.1021/ma001677+
ibite angle, the chelation angle between the ligands of a metal atom, L̂ML.
10T. A. Chen and R. D. Rieke. “The first regioregular head-to-tail poly(3-hexylthiophene-
2,5-diyl) and a regiorandom isopolymer: nickel versus palladium catalysis of 2(5)-bromo-5(2)-
(bromozincio)-3-hexylthiophene polymerization”. In: Journal of the American Chemical Society
114.25 (Dec. 1992), pp. 10087–10088. doi: 10.1021/ja00051a066
11T. A. Chen, X. Wu, and R. D. Rieke. “Regiocontrolled Synthesis of Poly(3-
alkylthiophenes) Mediated by Rieke Zinc: Their Characterization and Solid-State Properties”.
In: Journal of the American Chemical Society 117.1 (Jan. 1995), pp. 233–244. doi: 10.1021/
ja00106a027
12E. E. Sheina, J. Liu, M. C. Iovu, D. W. Laird, and R. D. McCullough. “Chain Growth
Mechanism for Regioregular Nickel-Initiated Cross-Coupling Polymerizations”. In: Macro-
molecules 37.10 (May 2004), pp. 3526–3528. doi: 10.1021/ma0357063
13M. C. Iovu, E. E. Sheina, R. R. Gil, and R. D. McCullough. “Experimental Evidence for
the Quasi-“Living” Nature of the Grignard Metathesis Method for the Synthesis of Regioregular
Poly(3-alkylthiophenes)”. In: Macromolecules 38.21 (Oct. 2005), pp. 8649–8656. doi: 10.1021/
ma051122k
14A. Yokoyama, R. Miyakoshi, and T. Yokozawa. “Chain-Growth Polymerization for Poly(3-
hexylthiophene) with a Defined Molecular Weight and a Low Polydispersity”. In: Macro-
molecules 37.4 (Feb. 2004), pp. 1169–1171. doi: 10.1021/ma035396o
15R. Miyakoshi, A. Yokoyama, and T. Yokozawa. “Catalyst-transfer polycondensa-
tion. mechanism of Ni-catalyzed chain-growth polymerization leading to well-defined poly(3-
hexylthiophene).” In: Journal of the American Chemical Society 127.49 (Dec. 2005), pp. 17542–
7. doi: 10.1021/ja0556880
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tion, the polydispersityii and on polymeric terminations. Chain ending control
allows us to obtain an asymmetric polythiophene with a functional group on a
termination and a different one on the other one. This is useful for joining the
polythiophene to other reacting sites. Polydispersity and molecular mass control
helps one to control aggregation or crystallization in the solid state.
1.2 Polythiophene and Chirality
Aggregated state The solid state structure is a crucial aspect for electronic de-
vices, for example the interchain charge mobility in the material strongly depends
on the extent of the pi − pi stacking in solid state. Ultraviolet–visible (UV–vis)
spectroscopy can be used to study the variations of the HOMO–LUMO transition
which for polythiophenes is in the visible region. The wavelength of this tran-
sition depends on the effective conjugation length and on the exciton coupling
between stacked chains. When aggregation occurs, the chains adopt a more pla-
nar conformation, which extends the conjugation length in order to pack. Hence
the aggregation process can be spotted in UV–vis spectra as a decrease in energy
of the HOMO–LUMO transition, a red shift of the wavelength. The aggregation
phenomenon can be observed not only passing from solution to solid state, but
also, for example, by adding a poor solvent to a solution of polymer. When the
solid is regularly ordered also X–ray diffraction (XRD) can be useful for the char-
acterization. But when the solid sample is a blend of materials, usually needed
for devices preparation, the chaotic soft matter is difficult to characterize on a
molecular level.
Chirality Circular dichroism (CD) spectroscopy can help us in this operation,
but it is sensitive only to chromophores in chiral environments, thus a source of
chirality has to be introduced in the material. This approach has proven to give
useful information on the aggregate structure of various conjugated polymers16,17,18
iipolydispersity or PDI, a polymer comprising molecules non-uniform with respect to relative
molecular mass.
16G. Lakhwani and S. C. J. Meskers. “Circular Selective Reflection of Light Proving
Cholesteric Ordering in Thin Layers of Chiral Fluorene Polymers”. In: The Journal of Physical
Chemistry Letters 2.13 (July 2011), pp. 1497–1501. doi: 10.1021/jz200500a
17F. Babudri, D. Colangiuli, L. Di Bari, G. M. Farinola, O. Hassan Omar, F. Naso, and
G. Pescitelli. “Synthesis and Chiroptical Characterization of an Amino Acid Functionalized
Dialkoxypoly( p -phenyleneethynylene)”. In: Macromolecules 39.16 (Aug. 2006), pp. 5206–5212.
doi: 10.1021/ma060764k
18L. A. P. Kane-Maguire and G. G. Wallace. “Chiral conducting polymers.” In: Chemical
Society reviews 39.7 (July 2010), pp. 2545–76. doi: 10.1039/b908001p
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and various polythiophenes.19,20,21,22,23,24
Chiral group A convenient way to have chirality in polythiophene chains is to
polymerize a thiophene bearing a chiral side group. The introduction of a chiral
side group, that has to be branched, will have some influence on aggregation and,
by consequence, on the material properties.
1.3 Application of Polythiophene in Photovoltaics
Organic photovoltaics Organic photovoltaic cells are promising for lightweight,
flexible and cheap (compared to silicon) devices. These organic devices can be
rather complex and have a plethora of variables which need to be optimized in
order to reach the maximum theorized 10 % efficiency.25
e
h
-
+
photoanode
photocathode
donor
acceptor
Figure 1.3: Structure of a bilayer solar
cell. Only excitons generated near an inter-
face can break in free charges.
19G. Bidan, S. Guillerez, and V. Sorokin. “Chirality in regioregular and soluble polythio-
phene: An internal probe of conformational changes induced by minute solvation variation”. In:
Advanced Materials 8.2 (Feb. 1996), pp. 157–160. doi: 10.1002/adma.19960080213
20H. Goto, Y. Okamoto, and E. Yashima. “Solvent-Induced Chiroptical Changes in Supra-
molecular Assemblies of an Optically Active, Regioregular Polythiophene”. In: Macromolecules
35.12 (June 2002), pp. 4590–4601. doi: 10.1021/ma012083p
21B. M. W. Langeveld-Voss, R. A. J. Janssen, and E. W. Meijer. “On the origin of optical
activity in polythiophenes”. In: Journal of Molecular Structure 521.1-3 (Mar. 2000), pp. 285–
301. doi: 10.1016/S0022-2860(99)00444-5
22H. Goto and E. Yashima. “Electron-Induced Switching of the Supramolecular Chirality
of Optically Active Polythiophene Aggregates”. In: Journal of the American Chemical Society
124.27 (July 2002), pp. 7943–7949. doi: 10.1021/ja025900p
23M. M. Bouman and E. W. Meijer. “Stereomutation in optically active regioregular poly-
thiophenes”. In: Advanced Materials 7.4 (Apr. 1995), pp. 385–387. doi: 10.1002/adma.
19950070408
24B. M. W. Langeveld-Voss, R. J. M. Waterval, R. A. J. Janssen, and E. W. Meijer. “Prin-
ciples of “Majority Rules” and “Sergeants and Soldiers” Applied to the Aggregation of Optically
Active Polythiophenes: Evidence for a Multichain Phenomenon”. In: Macromolecules 32.1 (Jan.
1999), pp. 227–230. doi: 10.1021/ma981349y
25M. C. Scharber, D. Mu¨hlbacher, M. Koppe, P. Denk, C. Waldauf, A. J. Heeger, and
C. J. Brabec. “Design Rules for Donors in Bulk-Heterojunction Solar Cells—Towards 10 %
Energy-Conversion Efficiency”. In: Advanced Materials 18.6 (Mar. 2006), pp. 789–794. doi:
10.1002/adma.200501717
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Active layer morphologies Early organic solar cells were made only of a single
organic material sandwiched between two electrodes,26 here the charge generation
is dependent on the electric potential coming from electrodes and the efficiencies
are poor. Then bilayer cells (schematized in Figure 1.3) were developed having a
donor (p-type semiconductor) and an acceptor (n-type material) organic material
stratified between electrodes,27,28,29 in these kind of cells the polythiophene made
its entrance in organic photovoltaics.3 The problem with these cells arises from
the mechanism of charge photogeneration in organic materials, which occurs as
follows: a photon is absorbed, if the energy is large enough a free electron and a
hole are formed, otherwise an excitoniii is formed. A sunlight photon has typically
enough energy to create a pair of free charges in inorganic semiconductors. In-
deed in organic semiconductors the band gapiv is higher and depends also on the
molecular properties of the material. The so generated excitons have to reach a
donor-acceptor materials interface where the high local electric field breaks them
in free charges. However, the diffusion length of an exciton in a semiconduct-
ing material (5-10 nm) prior to its dissipative recombination is typically less than
the optical absorption length (≈ 50 nm), then a bilayer approach can’t have both
high absorption and high exciton dissociation efficiencies. A possible solution is
to greatly increase the interface interdispersing the acceptor and donor materials
and obtaining a bulk heterojunction,30,31 schematized in Figure 1.4. An excessive
dispersion could avoid the semi-crystallization in nanodomains needed for a good
charge mobility. Moreover when two opposite charges are formed in the middle
of the active layer, they need two continuous pathways to reach the appropriate
26G. A. Chamberlain. “Organic solar cells: A review”. In: Solar Cells 8.1 (Feb. 1983),
pp. 47–83. doi: 10.1016/0379-6787(83)90039-X
27C. W. Tang. “Two-layer organic photovoltaic cell”. In: Applied Physics Letters 48.2
(1986), p. 183. doi: 10.1063/1.96937
28P. Peumans, V. Bulovic´, and S. R. Forrest. “Efficient photon harvesting at high optical
intensities in ultrathin organic double-heterostructure photovoltaic diodes”. In: Applied Physics
Letters 76.19 (2000), p. 2650. doi: 10.1063/1.126433
29J. J. M. Halls, K. Pichler, R. H. Friend, S. C. Moratti, and A. B. Holmes. “Exciton
diffusion and dissociation in a poly(p-phenylenevinylene)/C60 heterojunction photovoltaic cell”.
In: Applied Physics Letters 68.22 (1996), p. 3120. doi: 10.1063/1.115797
iiiexciton, a bound state of an electron and a hole which are attracted to each other by the
electrostatic Coulomb force. It is an electrically neutral quasi-particle that exists in insulators,
semiconductors and in some liquids. The exciton is regarded as an elementary excitation of con-
densed matter that can transport energy without transporting net electric charge. (Wikipedia)
ivband gap energy, the energy difference between the bottom of the conduction band and the
top of the valence band or, from a molecular point of view, the difference between lowest-energy
unoccupied molecular orbital (LUMO) and highest-energy occupied molecular orbital (HOMO).
30G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger. “Polymer Photovoltaic Cells:
Enhanced Efficiencies via a Network of Internal Donor-Acceptor Heterojunctions”. In: Science
270.5243 (Dec. 1995), pp. 1789–1791. doi: 10.1126/science.270.5243.1789
31B. R. Saunders and M. L. Turner. “Nanoparticle-polymer photovoltaic cells.” In: Ad-
vances in colloid and interface science 138.1 (Apr. 2008), pp. 1–23. doi: 10.1016/j.cis.2007.
09.001
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Figure 1.4: Structure of a bulk hetero-
junction solar cell.
electrode, thus the presence of segregated domains negatively affects the efficiency,
trapping the charges.
Polythiophene in photovoltaics Poly(3-hexylthiophene) (P3HT) in blend with
modified fullerene phenyl-C61-butyric acid methyl ester (PC60BM) is the reference
standard in organic photovoltaics. The role of polythiophene is to absorb the
sunlight, transport the generated exciton to the materials interface, donate an
electron to PC60BM and transport the resulting hole towards the anode, while elec-
trons move through PC60BM. A reduced band gap would be highly favorable for
absorbing also the low energy portion of the sunlight spectrum. The conjuga-
tion length (and then the regioregularity which depends upon the polymerization
method) influences the band gap. In recent years many alternating polymers based
on thiophene were synthesized with a low band gap. For these polymers a con-
trolled living polymerization method isn’t reported yet.
Block copolymers Unfortunately the materials dispersed in a bulk hetero-
junction solar cell are usually immiscible, this means that they tend to segregate
in two phases over time, reducing the interfacial area. In order to compatibilize
the acceptor and donor materials, an amphiphilic surfactant can be added.32 This
would introduce in the system a new molecule which could trap charges or act
as an insulating layer. An innovative and promising approach is to use an am-
phiphilic diblock copolymer as donor material, acting as a surfactant itself. The
polar block could be designed to complex the PC60BM (or other inorganic semicon-
ducting nanoparticles) via electron rich sites33,34 or can be covalently bonded to
32J. Liu and Y. Han. “The influence of additive property on performance of organic bulk
heterojunction solar cells”. In: Polymer Bulletin 68.8 (Mar. 2012), pp. 2145–2174. doi: 10.
1007/s00289-012-0721-2
33N. Sary, F. Richard, C. Brochon, N. Leclerc, P. Le´veˆque, J.-N. Audinot, S. Berson, T.
Heiser, G. Hadziioannou, and R. Mezzenga. “A New Supramolecular Route for Using Rod-Coil
Block Copolymers in Photovoltaic Applications”. In: Advanced Materials 22.6 (2010), pp. 763–
768. doi: 10.1002/adma.200902645
34P. D. Topham, A. J. Parnell, and R. C. Hiorns. “Block copolymer strategies for solar cell
technology”. In: Journal of Polymer Science Part B: Polymer Physics 49 (June 2011), pp. 1131–
1156. doi: 10.1002/polb.22302
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the particles. Tuning the blocks volume (changing the degree of polymerization)
and the quantity of PC60BM is a way to optimize the morphology of the blend.
1.4 Aim of the Thesis
Many studies on polythiophenes bearing chiral side groups are already present in
the literature. There are also many articles on diblock copolymers with an achiral
thiophenic block and a poly(vinylpyridine) block.35,33,36,37 In the literature we
found also block copolymers made of two polythiophene blocks, one of these being
chiral.38,39,40,41 A few articles on alternating block copolymers with chirality on
the non thiophenic block can be found.42 The aim of this thesis is to synthesize and
study a polythiophene with a novel chiral side group and its use with a non chiral
poly(4-vinylpyridine) block in a diblock copolymer unreported in the literature. A
modification of the optical activity of the diblock copolymer with respect to that
of polythiophene homopolymer could envisage a possible use of this material as a
chiral probe in the aggregation process of bulk heterojunction solar cells fabricated
using block copolymers as active layer.
Thus we started synthesizing a semiconductor, light harvesting chiral polymer
with low polydispersity. Then, using an original convenient strategy, we function-
alized a termination of the chiral polythiophene with an initiator for the living
35R. H. Lohwasser and M. Thelakkat. “Synthesis of Amphiphilic Rod–Coil P3HT- b -P4VP
Carrying a Long Conjugated Block Using NMRP and Click Chemistry”. In: Macromolecules
45.7 (Apr. 2012), pp. 3070–3077. doi: 10.1021/ma2024733
36K. Palaniappan et al. “Block copolymer containing poly(3-hexylthiophene) and poly(4-
vinylpyridine): Synthesis and its interaction with CdSe quantum dots for hybrid organic applica-
tions”. In: Journal of Polymer Science Part A: Polymer Chemistry 49.8 (Apr. 2011), pp. 1802–
1808. doi: 10.1002/pola.24605
37S.-J. Mougnier, C. Brochon, E. Cloutet, S. Magnet, C. Navarro, and G. Hadziioannou.
“Facile and versatile synthesis of rod-coil poly(3-hexylthiophene)-based block copolymers by
nitroxide-mediated radical polymerization”. In: Journal of Polymer Science Part A: Polymer
Chemistry 50.12 (June 2012), pp. 2463–2470. doi: 10.1002/pola.26023
38K. Van den Bergh, I. Cosemans, T. Verbiest, and G. Koeckelberghs. “Expression of
Supramolecular Chirality in Block Copoly(thiophene)s”. In: Macromolecules 43.8 (Apr. 2010),
pp. 3794–3800. doi: 10.1021/ma100266b
39K. Van den Bergh, J. Huybrechts, T. Verbiest, and G. Koeckelberghs. “Transfer of supra-
molecular chirality in block copoly(thiophene)s.” In: Chemistry - A European Journal 14.30
(Jan. 2008), pp. 9122–5. doi: 10.1002/chem.200801537
40M. Verswyvel, F. Monnaie, and G. Koeckelberghs. “AB Block Copoly(3-alkylthiophenes):
Synthesis and Chiroptical Behavior”. In: Macromolecules 44.24 (Dec. 2011), pp. 9489–9498. doi:
10.1021/ma2021503
41M. Verswyvel, K. Goossens, and G. Koeckelberghs. “Amphiphilic chiral block-
poly(thiophene)s: tuning the blocks”. In: Polymer Chemistry (2013). doi: 10 . 1039 /
c3py00133d
42O. Henze, M. Fransen, P. Jonkheijm, E. W. Meijer, W. J. Feast, and A. P. H. J. Schenning.
“Synthesis and self-assembly of a chiral alternating sexithiophene-undeca(ethyleneoxy) block
copolymer”. In: Journal of Polymer Science Part A: Polymer Chemistry 41.11 (June 2003),
pp. 1737–1743. doi: 10.1002/pola.10720
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nitroxide-mediated radical polymerization (NMRP), finally we polymerized a sec-
ond block of poly(4-vinylpyridine). The obtained diblock copolymer can be used
in various devices like solar photovoltaic cells and in studies on supramolecular
chirality.
1.5 Introduction to Synthesis and Characteriza-
tion
1.5.1 Monomer and Lateral Chains
Oxygenated side chain In order to synthesize a chiral polythiophene a monomer
bearing a chiral side chain was used. Many different side chains and monomers
could fit our requirements. The source of chirality was chosen as an inexpensive
and non toxic43 chiral alcohol: (S)-2-methyl-1-butanol also known as active amyl
alcohol, present in nature as a component of fusel alcohol which is a by-product of
alcoholic fermentation. Our syntheses produced polythiophenes with a (2-methyl-
butyloxy)methyl side chain which is, to the best of our knowledge, unreported in
the literature. Due to the presence of an oxygen atom in the side chain, electronic
levels (HOMO and LUMO) of the resulting polythiophenes will be different from
electronic levels of the well known P3HT.44,45,46 The length of the side chain was
chosen to be short enough to allow a good charge mobility in a future material for
organic electronics.
Enantiomeric excess For studying the importance of chirality we synthesized
two monomers with different enantiomeric excesses: an enantiopure monomer and
a scalemicv one having 59 % optical purity.vi We used a scalemic alcohol due to
the unavailability of the racemate.
43D. McGinty, J. Scognamiglio, C. S. Letizia, and A. M. Api. “Fragrance material review
on 2-methylbutanol”. In: Food and chemical toxicology : an international journal published for
the British Industrial Biological Research Association 48 Suppl 4 (July 2010), S97–101. doi:
10.1016/j.fct.2010.05.039
44R. van Beek, L. W. Jenneskens, A. N. Zdravkova, J. P. J. M. van der Eerden, and C. A.
van Walree. “Polythiophenes Containing Oligo(oxyethylene) Side Chains as a Thin Film on a
ZnSe Single Crystal Surface”. In: Macromolecular Chemistry and Physics 206.10 (May 2005),
pp. 1006–1014. doi: 10.1002/macp.200500055
45R. D. McCullough and S. P. Williams. “Toward tuning electrical and optical properties in
conjugated polymers using side-chains: highly conductive head-to-tail, heteroatom functionalized
polythiophenes”. In: Journal of the American Chemical Society 115.24 (Dec. 1993), pp. 11608–
11609. doi: 10.1021/ja00077a074
46G. Daoust and M. Leclerc. “Structure-property relationships in alkoxy-substituted poly-
thiophenes”. In: Macromolecules 24.2 (Mar. 1991), pp. 455–459. doi: 10.1021/ma00002a018
vscalemic, non racemic.
vioptical purity, the ratio of the observed optical rotation of a sample consisting of a mixture
of enantiomers to the optical rotation of one pure enantiomer. (IUPAC Gold Book)
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1.5.2 Regioselectivity of Monomer Activation
Grignard activation The activation process, which is the first step of the poly-
merization method, consists in a metalation in position 5 of thiophene ring (see
Figure 1.6 for position numbering). As stated in page 2, both zinc (Rieke method)
and magnesium (McCullough method) can be used for this aim. The latter is the
most commonly used because allows a more controlled polymerization,12,13,14,15
thus we activated our monomer as a Grignard reagent. The metalation on iodine
was performed with a Grignard metathesisvii (GRIM), a reaction of replacement of a
halogen atom by a metal from an organometallic compound.47,48,49 Both Grignard
formation50,51 and subsequent polymerization52,53,54,55,56,57 are facilitated by the
viimetathesis, a bimolecular process formally involving the exchange of a bond (or bonds)
between similar interacting chemical species so that the bonding affiliations in the products are
identical (or closely similar) to those in the reactants. (IUPAC Gold Book)
47P. Knochel, W. Dohle, N. Gommermann, F. F. Kneisel, F. Kopp, T. Korn, I. Sapountzis,
and V. A. Vu. “Highly functionalized organomagnesium reagents prepared through halogen-
metal exchange.” In: Angewandte Chemie (International ed. in English) 42.36 (Sept. 2003),
pp. 4302–20. doi: 10.1002/anie.200300579
48C. Tamborski and G. J. Moore. “Synthesis of polyfluoroaromatic magnesium compounds
through the exchange reaction”. In: Journal of Organometallic Chemistry 26.2 (Jan. 1971),
pp. 153–156. doi: 10.1016/S0022-328X(00)84764-6
49L. I. Zakharkin, O. Y. Okhlobystin, and K. A. Bilevitch. “Effect of solvents on reactions of
organometallic compounds”. In: Journal of Organometallic Chemistry 2.4 (Oct. 1964), pp. 309–
313. doi: 10.1016/S0022-328X(00)82216-0
50A. Krasovskiy and P. Knochel. “A LiCl-mediated Br/Mg exchange reaction for the prepa-
ration of functionalized aryl- and heteroarylmagnesium compounds from organic bromides.”
In: Angewandte Chemie (International ed. in English) 43.25 (June 2004), pp. 3333–6. doi:
10.1002/anie.200454084
51D. Hauk, S. Lang, and A. Murso. “Minimization of Side Reactions in Bromine Magnesium
Exchanges with i- PrMgCl/LiCl and s- BuMgCl/LiCl Mixtures”. In: Organic Process Research
& Development 10.4 (July 2006), pp. 733–738. doi: 10.1021/op0600153
52A. Takahashi, Y. Rho, T. Higashihara, B. Ahn, M. Ree, and M. Ueda. “Preparation of
Nanoporous Poly(3-hexylthiophene) Films Based on a Template System of Block Copolymers
via Ionic Interaction”. In: Macromolecules 43.11 (June 2010), pp. 4843–4852. doi: 10.1021/
ma100957q
53R. H. Lohwasser and M. Thelakkat. “Toward Perfect Control of End Groups and Poly-
dispersity in Poly(3-hexylthiophene) via Catalyst Transfer Polymerization”. In: Macromolecules
44.9 (May 2011), pp. 3388–3397. doi: 10.1021/ma200119s
54R. Miyakoshi, K. Shimono, A. Yokoyama, and T. Yokozawa. “Catalyst-transfer poly-
condensation for the synthesis of poly(p-phenylene) with controlled molecular weight and low
polydispersity.” In: Journal of the American Chemical Society 128.50 (Dec. 2006), pp. 16012–3.
doi: 10.1021/ja067107s
55R. J. Ono, S. Kang, and C. W. Bielawski. “Controlled Chain-Growth Kumada Catalyst
Transfer Polycondensation of a Conjugated Alternating Copolymer”. In: Macromolecules 45.5
(Mar. 2012), pp. 2321–2326. doi: 10.1021/ma300013e
56E. L. Lanni and A. J. McNeil. “Mechanistic studies on Ni(dppe)Cl(2)-catalyzed chain-
growth polymerizations: evidence for rate-determining reductive elimination.” In: Journal of the
American Chemical Society 131.45 (Nov. 2009), pp. 16573–9. doi: 10.1021/ja904197q
57E. L. Lanni and A. J. McNeil. “Evidence for Ligand-Dependent Mechanistic Changes
in Nickel-Catalyzed Chain-Growth Polymerizations”. In: Macromolecules 43.19 (Oct. 2010),
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(a) (b)
Figure 1.5: Activated monomers.
(a) Grignard formation in position 2,
MgCl substitutes Br.
(b) Grignard formation in position
5, MgCl substitutes I (optimiza-
tion Gaussian09c01/DFT/B3LYP-
/LanL2DZ).
addition of lithium chloride, but the resulting polymers could have lower regioregu-
larity.53 Tert-butyl magnesium chloride and iso-propyl magnesium chloride are the
most common activating Grignard reagents, the former could give a slightly better
selectivity9 towards the less sterically demanding 5 position, but iso-propyl mag-
nesium chloride is reported to be sufficiently regioselective when a iodine-bromine
monomer is used.52,53,55 Iso-propyl magnesium chloride could lead to iso-propyl
terminated polymers,58,59,53,15 this eventuality will be verified by Matrix-assisted
laser desorption ionizationviii–time-of-flight mass spectrometry.ix
Influence of side chain on activation In the case of a thiophene monomer
with an alkyl side chain the steric effect by the side group is sufficient to obtain
85 % regioselectivity even using a dibromide monomer.9,13,60 But when an oxy-
methylene side group is present, using a dibromide monomer leads to regiorandom
polymers61,62 while using a iodide-bromide monomer leads to regioregular poly-
pp. 8039–8044. doi: 10.1021/ma101565u
58A. Kiriy, V. Senkovskyy, and M. Sommer. “Kumada Catalyst-Transfer Polycondensation:
Mechanism, Opportunities, and Challenges”. In: Macromolecular Rapid Communications 32
(July 2011), pp. 1503–1517. doi: 10.1002/marc.201100316
59M. Jeffries-El, G. Sauve´, and R. D. McCullough. “In-Situ End-Group Functionalization
of Regioregular Poly(3-alkylthiophene) Using the Grignard Metathesis Polymerization Method”.
In: Advanced Materials 16.12 (June 2004), pp. 1017–1019. doi: 10.1002/adma.200400137
viiimatrix-assisted laser desorption ionization, a soft ionization technique used in mass spec-
trometry, allowing the analysis of large organic molecules. (Wikipedia)
ixtime-of-flight mass spectrometry or TOF MS, is a method of mass spectrometry in which
an ion’s mass-to-charge ratio is determined via a time measurement. (Wikipedia)
60T. A. Chen, R. A. O’Brien, and R. D. Rieke. “Use of highly reactive zinc leads to a new,
facile synthesis for polyarylenes”. In: Macromolecules 26.13 (June 1993), pp. 3462–3463. doi:
10.1021/ma00065a036
61K. Ohshimizu and M. Ueda. “Well-Controlled Synthesis of Block Copolythiophenes”. In:
Macromolecules 41.14 (July 2008), pp. 5289–5294. doi: 10.1021/ma8005894
62A. P. Zoombelt, M. A. M. Leenen, M. Fonrodona, M. M. Wienk, and R. A. J. Janssen.
“The synthesis and photovoltaic performance of regioregular poly [3-(n-butoxymethyl) thio-
phene]”. In: Thin Solid Films 516.20 (Aug. 2008), pp. 7176–7180. doi: 10.1016/j.tsf.
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Figure 1.6: Regioregular poly-
3-alkylthiophene, head-to-tail and
numbered thiophene positions.
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mers.61,62,63,64 We suppose that this lack of regioselectivity is related to the forma-
tion a five-member ring with the oxygen atom coordinating the magnesium atom
in position 2, as shown in Figure 1.5a, therefore favoring the formation of the un-
desired 2-magnesiochloro-5-iodo-3-[((S)-2-methylbutyloxy)methyl]thiophene. This
ring formation can’t take place with the product of Grignard metathesis (GRIM)
in position 5, as shown in Figure 1.5b, with 2-bromo-5-magnesiochloro-3-[((S)-2-
methylbutyloxy)methyl]thiophene.
1.5.3 Polymerization Regioregularity
Importance of regioregularity In order to obtain a solar light harvesting and
semiconducting polymer we chose to synthesize a regioregularly substituted con-
jugated polythiophene. The substitution with flexible side chains is necessary to
process the otherwise insoluble and infusible unsubstituted polythiophene. Un-
doped polythiophenes usually absorbs the high energy portion of the solar radi-
ation spectrum, thus a red shift in absorption is welcomed and can be obtained
by a reduction of the band gap. As stated earlier the band gap width is related
both to the electronic molecular properties of the side group and to the extension
of conjugation along the polymer. This in turn depends on the coplanarity of the
aromatic rings that is avoided by repulsion between side groups. In conclusion
we want to polymerize a thiophene bearing a single side chain in a regioregularx,4
repetition so that the distance between side chains is maximized and no backbone
twist is induced by steric repulsions. As indicated in Figure 1.7, a way of referring
to the relative orientation of two monomeric units is head-to-head, tail-to-tail or
head-to-tail, meaning that the head of a monomer, the position 2, nearest to the
side chain, or the tail, the position 5, farthest from the side group, is directly
bonded to the head or the tail of the successive monomer. An ordered planar
conformation and tight interdigitation in aggregates can be obtained only with a
2007.12.054
63I. Adachi, R. Miyakoshi, A. Yokoyama, and T. Yokozawa. “Synthesis of Well-Defined
Polythiophene with Oxyethylene Side Chain: Effect of Phosphine Ligands on Catalyst-Transfer
Polycondensation”. In: Macromolecules 39.23 (Nov. 2006), pp. 7793–7795. doi: 10.1021/
ma061809k
64J. R. Locke and A. J. McNeil. “Syntheses of Gradient pi-Conjugated Copolymers of
Thiophene”. In: Macromolecules 43.21 (Nov. 2010), pp. 8709–8710. doi: 10.1021/ma102218y
xregioregular, a polymer in which each repeat unit is derived from the same isomer of the
monomer. (Wiktionary)
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triads of monosubsti-
tuted thiophene rings.
head-to-tail polythiophene, thus a good regioregularity is of crucial importance for
aggregation and morphology,65,66,67,20,6,68,69,70 but it is also important for intra-
chain conduction71 and is necessary for supramolecular expression of side chains
chirality.72
65S. Samitsu, T. Shimomura, and K. Ito. “Nanofiber preparation by whisker method using
solvent-soluble conducting polymers”. In: Thin Solid Films 516.9 (Mar. 2008), pp. 2478–2486.
doi: 10.1016/j.tsf.2007.04.058
66S. Samitsu, T. Shimomura, S. Heike, T. Hashizume, and K. Ito. “Effective Production of
Poly(3-alkylthiophene) Nanofibers by means of Whisker Method using Anisole Solvent: Struc-
tural, Optical, and Electrical Properties”. In: Macromolecules 41.21 (Nov. 2008), pp. 8000–8010.
doi: 10.1021/ma801128v
67H. Goto, E. Yashima, and Y. Okamoto. “Unusual solvent effects on chiroptical properties
of an optically active regioregular polythiophene in solution.” In: Chirality 12.5-6 (June 2000),
pp. 396–9. doi: 10.1002/(SICI)1520-636X(2000)12:5/6<396::AID-CHIR17>3.0.CO;2-X
68R. D. McCullough, S. P. Williams, S. Tristram-Nagle, M. Jayaraman, P. C. Ewbank,
and L. Miller. “The first synthesis and new properties of regioregular, head-to-tail coupled
polythiophenes”. In: Synthetic Metals 69.1-3 (Mar. 1995), pp. 279–282. doi: 10.1016/0379-
6779(94)02449-9
69T. Adachi et al. “Regioregularity and Single Polythiophene Chain Conformation”. In:
The Journal of Physical Chemistry Letters 2.12 (June 2011), pp. 1400–1404. doi: 10.1021/
jz200546x
70B. Xu and S. Holdcroft. “Molecular control of luminescence from poly(3-
hexylthiophenes)”. In: Macromolecules 26.17 (Aug. 1993), pp. 4457–4460. doi: 10.1021/
ma00069a009
71N. Basescu, Z. X. Liu, D. Moses, A. J. Heeger, H. Naarmann, and N. Theophilou. “High
electrical conductivity in doped polyacetylene”. In: Nature 327 (1987), pp. 403–405
72M. M. Bouman, E. E. Havinga, R. A. J. Janssen, and E. W. Meijer. “Chiroptical Proper-
ties of Regioregular Chiral Polythiophenes”. In: Molecular Crystals and Liquid Crystals Science
and Technology. Section A. Molecular Crystals and Liquid Crystals 256.1 (Nov. 1994), pp. 439–
448. doi: 10.1080/10587259408039274
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Figure 1.8: Mechanism of initiation in nickel catalyzed dehalogenative polycondensa-
tion.
Obtaining regioregularity Regiocontrolled polymerization of thiophene can
be achieved with nickel catalyzed dehalogenative polycondensationxi starting from
a regioselectively activated monomer.10,11,7,9,8,73,68,6 This method produces a poly-
mer with high regioregularity even in presence of some monomer activated in the
wrong position.11,9,13,57,53 The initiation mechanism is illustrated for poly(3-hexyl-
thiophene) (P3HT) in Figure 1.8. Initially a transmetalation occurs, two magne-
sium atoms on two activated thiophenic units are exchanged with the nickel(II)
atom of the catalyst. Then a reductive elimination produces a nickel(0) complex
and a symmetric dimer that will be present in a chain extremity as a tail-to-tail
dyad, a defect in regioregularity.40,74,15 At this point the nickel(0) complex can per-
form an oxidative addition in a thiophenic C Br bond starting the propagation
stage. Then, as shown in Figure 1.9, on the CNi Br bond a transmetalation occurs
(or, from the nickel point of view, an exchange in anions) involving an activated
monomer. A subsequent reductive elimination and oxidative addition complete
xicondensation polymer, the molecular formula of the monomer differs from that of the
structural unit.
73Y. Mao, Y. Wang, and B. L. Lucht. “Regiocontrolled synthesis of poly(3-alkylthiophene)s
by Grignard metathesis”. In: Journal of Polymer Science Part A: Polymer Chemistry 42.21
(Nov. 2004), pp. 5538–5547. doi: 10.1002/pola.20375
74R. Tkachov, V. Senkovskyy, H. Komber, J.-U. Sommer, and A. Kiriy. “Random catalyst
walking along polymerized poly(3-hexylthiophene) chains in Kumada catalyst-transfer polycon-
densation.” In: Journal of the American Chemical Society 132.22 (June 2010), pp. 7803–10. doi:
10.1021/ja102210r
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Figure 1.9: Mechanism of propagation in nickel catalyzed dehalogenative polyconden-
sation.
the propagation mechanism. The use of a nickel catalyst, rather than a palladium
one, and the use of a chelating ligand with wide bite angle are essential conditions
for obtaining a good regioselectivity.11,75,73 Indeed we used dichloro(1,3-bis(di-
phenylphosphino)propane)nickel (Ni(dppp)Cl2, dppp = Ph2P(CH2)3PPh2) which
is the most widely utilized catalyst for regioregular nickel catalyzed dehalogena-
tive polycondensation.
Evaluating regioregularity The regioregularity can be qualitatively evaluated
by absorption in solution11,6 and quantitatively by nuclear magnetic resonance
(NMR).76,11,10,62,77,6 With our uncommon polythiophenes, evaluating the regioreg-
ularity from absorption maxima in chloroform solution is not feasible because of
75J. Choi and C. R. Ruiz. “Temperature-Induced Control of Conformation and Conjugation
Length in Water-Soluble Fluorescent Polythiophenes”. In: Macromolecules 43.4 (Feb. 2010),
pp. 1964–1974. doi: 10.1021/ma902136a
76M. Jeffries-El, G. Sauve´, and R. D. McCullough. “Facile Synthesis of End-Functionalized
Regioregular Poly(3-alkylthiophene)s via Modified Grignard Metathesis Reaction”. In: Macro-
molecules 38.25 (Dec. 2005), pp. 10346–10352. doi: 10.1021/ma051096q
77R. M. S. Maior, K. Hinkelmann, H. Eckert, and F. Wudl. “Synthesis and characterization
of two regiochemically defined poly(dialkylbithiophenes): a comparative study”. In: Macro-
molecules 23.5 (Sept. 1990), pp. 1268–1279. doi: 10.1021/ma00207a008
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the variance of the data reported in the literature.78,44,61,45,62,79,64,80 At 1H-NMR
the aromatic hydrogen peak and the α-methylenic peak of a thiophenic unit are
influenced by the orientations of nearby repeating units, giving a different peak
for each situation showed in Figure 1.7. In our case the signals arising from each
situation are singlets from both aromatic and aliphatic protons, thus it’s easy to
distinguish the presence of nearby signals. This is an advantage over P3HT in which
the peak from the first methylene in the aliphatic side chain is a triplet.
1.5.4 Polymer Weight Control
Block copolymers As seen in Section 1.3, to stabilize a bulk heterojunction
(BHJ) structure (see Figure 1.4) against segregation a possible approach is to use
block copolymers as compatibilizer or as main component.34 In this thesis we’ll
synthesize an amphiphilic diblock copolymer polythiophene-poly(4-vinylpyridine).
The polythiophene block acts as p-type material, electron donor. The poly(4-
vinylpyridine) doesn’t act itself as electron acceptor, indeed it complexes modified
fullerenes (usually phenyl-C61-butyric acid methyl ester, PC60BM, but also non
functionalized fullerene81) which act as n-type semiconductor. The optimization
of relative volume fraction of the polymer blocks can produce a bicontinuous in-
terpenetrating network of donor and acceptor materials that would give a better
charge mobility.
Importance of weight A low polydispersity helps the crystallization process,
thus helping the polymer to give a high interchain charge mobility. Polydispersity
is important also for the aggregation morphology of block polymers.82,83,84,85 Con-
78T. Higashihara, K. Ohshimizu, Y. Ryo, T. Sakurai, A. Takahashi, S. Nojima, M. Ree, and
M. Ueda. “Synthesis and characterization of block copolythiophene with hexyl and triethylene
glycol side chains”. In: Polymer 52.17 (Aug. 2011), pp. 3687–3695. doi: 10.1016/j.polymer.
2011.06.037
79F. Saito, Y. Takeoka, and M. Rikukawa. “Synthesis of optically active regioregular poly
(thiophene)”. In: Synthetic metals 153.1-3 (Sept. 2005), pp. 125–128. doi: 10 . 1016 / j .
synthmet.2005.07.139
80M. M. Bouman and E. W. Meijer. “Induced optical activity in regioregular chiral poly-
thiophenes”. In: Polymer Preprints 35.1 (1994), p. 309
81A. Laiho, H. A. Robin, S. Valkama, J. Ruokolainen, R. O¨sterbacka, and O. Ikkala. “Con-
trol of self-assembly by charge-transfer complexation between C60 fullerene and electron donating
units of block copolymers”. In: Macromolecules 39.22 (2006), pp. 7648–7653
82S. Maria, A. S. Susha, M. Sommer, D. V. Talapin, A. L. Rogach, and M. Thelakkat. “Semi-
conductor block copolymer nanocomposites with lamellar morphology via self-organization”. In:
Macromolecules 41.16 (2008), pp. 6081–6088
83R. Koningsveld. “Liquid-liquid equilibria in quasi-ternary systems”. In: Chem. Zvesti
26.3 (1972), pp. 263–287
84K. M. Hong and J. Noolandi. “Theory of inhomogeneous multicomponent polymer sys-
tems”. In: Macromolecules 14.3 (May 1981), pp. 727–736. doi: 10.1021/ma50004a051
85M. D. Whitmore and J. Noolandi. “Theory of phase equilibria in block copolymer-
homopolymer blends”. In: Macromolecules 18.12 (Dec. 1985), pp. 2486–2497. doi: 10.1021/
1.5. INTRODUCTION TO SYNTHESIS AND CHARACTERIZATION 17
trolling the molecular weight of the polymer is important in this system because
changing block dimension can lead to a different blend morphology.34 Moreover it
is important in rod (rigid, conjugated along the backbone) polymers due to their
incapacity of chain stretching to accommodate packing of a statistical distribution
of chain sizes within an uniformly sized nanodomain. In brief, high polydispersity
could disturb the crystallization needed for a good charge transportation and in-
troduce disorder in the formation of complex morphologies in block copolymers.86
Polymerization mechanism Most of the conducting conjugated polymers are
synthesized by step-growthxii polycondensation87 resulting in high polydispersity
polymers. In 2004 a quasi-livingxiii chain-growthxiv mechanism was reported14,12
for nickel catalyzed dehalogenative polycondensation of poly(3-hexylthiophene)
(P3HT). The chain-growth character is possible thanks to the loose coordination
of Ni(0) on the growing polythiophene chain forming a non-diffusive associated
pair (as illustrated in Figures 1.8 and 1.9), thus the oxidative insertion step can
occur only in a C Br bond on the growing chain.74,88,15,76,74,12 This recent poly-
merization method is named Kumada catalyst-transfer polycondensation (KCTP).
Up to now it was extended to a few other polymers different from polythiophene
while maintaining a living character.55,89,90 Obviously the catalyst is important and
again dichloro(1,3-bis(diphenylphosphino)propane)nickel (Ni(dppp)Cl2) resulted as
ma00154a024
86H. Schlaad, B. Smarsly, and M. Losik. “The Role of Chain-Length Distribution in the
Formation of Solid-State Structures of Polypeptide-Based Rod-Coil Block Copolymers”. In:
Macromolecules 37.6 (Mar. 2004), pp. 2210–2214. doi: 10.1021/ma035819m
xiistep-growth polymerization, a polymerization mechanism where any termination on grow-
ing oligomers or monomers can react with any other terminations.
87Y.-J. Cheng, S.-H. Yang, and C.-S. Hsu. “Synthesis of conjugated polymers for organic
solar cell applications.” In: Chemical reviews 109.11 (Nov. 2009), pp. 5868–923. doi: 10.1021/
cr900182s
xiiiliving polymerization, a chain polymerization from which chain transfer and chain ter-
mination are absent. In many cases, the rate of chain initiation is fast compared with the
rate of chain propagation, thus that the number of kinetic-chain carriers is essentially constant
throughout the polymerization. (IUPAC Gold Book)
xivchain-growth polymerization, a polymerization technique where unsaturated monomer
molecules add onto the active site on a growing polymer chain one at a time. Growth of the
polymer occurs only at one (or possibly more) ends. Addition of each monomer unit regenerates
the active site. (Wikipedia)
88O. V. Zenkina, A. Karton, D. Freeman, L. J. W. Shimon, J. M. L. Martin, and M. E.
van der Boom. “Directing aryl-I versus Aryl-Br bond activation by nickel via a ring walking
process.” In: Inorganic chemistry 47.12 (June 2008), pp. 5114–21. doi: 10.1021/ic702289n
89S. Wu, Y. Sun, L. Huang, J. Wang, Y. Zhou, Y. Geng, and F. Wang. “Grignard Metathesis
Chain-Growth Polymerization for Poly(bithienylmethylene)s: Ni Catalyst Can Transfer across
the Nonconjugated Monomer”. In: Macromolecules 43.10 (May 2010), pp. 4438–4440. doi:
10.1021/ma100537d
90A. Yokoyama, A. Kato, R. Miyakoshi, and T. Yokozawa. “Precision Synthesis of Poly(N-
hexylpyrrole) and Its Diblock Copolymer with Poly(p-phenylene) via Catalyst-Transfer Polycon-
densation”. In: Macromolecules 41.20 (Oct. 2008), pp. 7271–7273. doi: 10.1021/ma8017124
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the best performing for living polymerizations of poly(3-alkylthiophenes).75,91,92
Second block polymerization Poly(4-vinylpyridine) (P4VP) was chosen as the
polar component in our amphiphilic block copolymer. Various block copolymer
with a complexing P4VP block are already present in the literature.33,35,36,37,81,82,93
The molecular weight of the coil (not rigid) block is important too, thus a living
polymerization was used: the chain-growth living nitroxide-mediated radical poly-
merization (NMRP). In the present case we chose the grafting-fromxv approach
starting the polymerization of poly(4-vinylpyridine) from a macroinitiator bonded
on the end of the polythiophene chains. A grafting-ontoxvi approach would have
permitted a better characterization of the second block, but obtaining a diblock
copolymer (rather than a triblock or more) would have required the asymmetric
termination of both polymeric blocks. A further significant aspect to be taken into
account using this approach is the chelating ability of poly(4-vinylpyridine) that
would disturb the joining process chelating any metal or catalyst needed for the
reaction.
1.5.5 Polymer Terminations Control
A chain-growth polymerization is the way to synthesize an asymmetrically termi-
nated macroinitiator. Thankfully quasi-living Kumada catalyst-transfer polycon-
densation can give asymmetric termination of the polythiophene chains76,53 and in
the literature we can find many diblock copolymers synthesized with a combination
91V. Senkovskyy et al. “Hairy poly(3-hexylthiophene) particles prepared via surface-
initiated Kumada catalyst-transfer polycondensation.” In: Journal of the American Chemical
Society 131.45 (Dec. 2009), pp. 16445–53. doi: 10.1021/ja904885w
92H. A. Bronstein and C. K. Luscombe. “Externally initiated regioregular P3HT with
controlled molecular weight and narrow polydispersity.” In: Journal of the American Chemical
Society 131.36 (Sept. 2009), pp. 12894–5. doi: 10.1021/ja9054977
93H.-S. Sun, C.-H. Lee, C.-S. Lai, H.-L. Chen, S.-H. Tung, and W.-C. Chen. “Self-assembled
structures in rod-coil block copolymers with hydrogen-bonded amphiphiles”. In: Soft Matter 7.9
(2011), p. 4198. doi: 10.1039/c0sm01385d
xvgrafting-from polymerization, the initiator for a polymerization is chemically bonded on a
pre-existing polymer.
xvigrafting-onto polymerization, two or more formed polymers are chemically joined to form
a multiblock polymer.
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of KCTP–NMRP.94,95,96,37,97
Polymerization quenching The quenching process is reported to be crucial in
order to obtain a quasi-monodispersed polymer and defined terminations. Quench-
ing simply with water98 or methanol53 can cause dimerization via disproportion-
ation of the polythiophene–Ni(0)–Br complex, followed by reductive elimination
of polythiophene–polythiophene with doubled weight. Quenching with aqueous
hydrochloric acid is reported to prevent dimerization.98,53 Quenching with certain
Grignard reagents can even react in situ with a single chain end to give asymmet-
rically functionalized polythiophenes.76,59 We preferred to quench with aqueous
hydrochloric acid because it promised for a reliable H/Br termination.53
1.5.6 Optical Properties
Band gap We expect a polythiophene with a rather usual band gap energy
(≈ 1.9 eV) but a slightly different LUMO energy and HOMO energy. These energy
levels are an essential parameter of thin film photovoltaic devices,25,99,100 in fact
it is well known that open circuit voltage (Voc, which is a generally accepted
estimate for the built-in potential) has an upper limit derived from the difference
between HOMO of the electron donor material and LUMO of the electron acceptor
94Q. Zhang, A. Cirpan, T. P. Russell, and T. Emrick. “Donor-Acceptor Poly(thiophene-
block-perylene diimide) Copolymers: Synthesis and Solar Cell Fabrication”. In: Macromolecules
42.4 (Feb. 2009), pp. 1079–1082. doi: 10.1021/ma801504e
95A. Britze, V. Mo¨llmann, G. Grundmeier, H. Luftmann, and D. Kuckling. “Synthesis
of Blockcopolymers P3HT-b-PS Using a Combination of Grignard-Metathesis and Nitroxide-
Mediated Radical Polymerization”. In: Macromolecular Chemistry and Physics 212.7 (Apr.
2011), pp. 679–690. doi: 10.1002/macp.201000597
96E. Kaul, V. Senkovskyy, R. Tkachov, V. Bocharova, H. Komber, M. Stamm,
and A. Kiriy. “Synthesis of a Bifunctional Initiator for Controlled Kumada Catalyst-
Transfer Polycondensation/Nitroxide-Mediated Polymerization and Preparation of Poly(3-
hexylthiophene)-Polystyrene Block Copolymer Therefrom”. In: Macromolecules 43.1 (Jan.
2010), pp. 77–81. doi: 10.1021/ma902354j
97F. Richard, C. Brochon, N. Leclerc, D. Eckhardt, T. Heiser, and G. Hadziioannou.
“Design of a Linear Poly(3-hexylthiophene)/Fullerene-Based Donor-Acceptor Rod-Coil Block
Copolymer”. In: Macromolecular Rapid Communications 29.11 (June 2008), pp. 885–891. doi:
10.1002/marc.200800104
98R. Miyakoshi, A. Yokoyama, and T. Yokozawa. “Synthesis of Poly(3-hexylthiophene)
with a Narrower Polydispersity”. In: Macromolecular Rapid Communications 25.19 (Oct. 2004),
pp. 1663–1666. doi: 10.1002/marc.200400281
99J. Cremer, P. Ba¨uerle, M. M. Wienk, and R. A. J. Janssen. “High Open-Circuit Voltage
Poly(ethynylene bithienylene):Fullerene Solar Cells”. In: Chemistry of Materials 18.25 (Dec.
2006), pp. 5832–5834. doi: 10.1021/cm0620180
100L. J. A. Koster, V. D. Mihailetchi, and P. W. M. Blom. “Ultimate efficiency of poly-
mer/fullerene bulk heterojunction solar cells”. In: Applied Physics Letters 88.9 (2006), p. 093511.
doi: 10.1063/1.2181635
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material.101,102 An electron withdrawing substituent in the donor material could
move the electronic levels increasing the oxidation potential, this would increase
the Voc. In the literature on polythiophenes the presence of a CH2 O R side
group is reported as beneficial for various photovoltaic devices44,62 and for the
conducting properties of materials.103
UV-vis The study of solvatochromism reveals the formation of aggregates and
the aggregation quality. Both an interaction of chains giving an exciton coupling
and an extension of the conjugation length, result in a red-shift of the UV–vis
absorption peak. When a certain amount of non-solvent is added to a solution
of polymer, aggregation occurs giving a colloidal dispersion. The conditions for
obtaining an aggregate can deeply influence the resulting morphology.104,105,20,106
In order to verify the solid state aggregation and morphology, we employed various
sample preparation methods: spin coating, drop casting and dispersion in KCl disk.
These three methods should allow us to obtain different semicrystallinity ex-
tents: spin coating should avoid an organization of polymer chains, drop casting
produces both an amorphous mixed with a crystalline solid, KCl disks preparation
employs dry polymer, thus should result in the most well packed structure. The
presence of a vibronic fine structure suggests, but don’t assure, the presence of
some crystalline domains in the material.
1.5.7 Photoluminescence and Chirality
Photoluminescence One of the aims of introducing chirality in our polymer
was to influence the aggregation morphology, avoiding a parallel chain stacking,
in order to reduce exciton quenching related to inter chain coupling. We suppose
that studying photoluminescence quenching can help us to understand also exci-
101C. J. Brabec, A. Cravino, D. Meissner, N. S. Sariciftci, T. Fromherz, M. T. Rispens, L.
Sanchez, and J. C. Hummelen. “Origin of the Open Circuit Voltage of Plastic Solar Cells”.
In: Advanced Functional Materials 11.5 (Oct. 2001), pp. 374–380. doi: 10 . 1002 / 1616 -
3028(200110)11:5<374::AID-ADFM374>3.0.CO;2-W
102A. Gadisa, M. Svensson, M. R. Andersson, and O. Ingana¨s. “Correlation between oxida-
tion potential and open-circuit voltage of composite solar cells based on blends of polythiophenes/
fullerene derivative”. In: Applied Physics Letters 84.9 (2004), p. 1609. doi: 10.1063/1.1650878
103M. R. Bryce, A. Chissel, P. Kathirgamanathan, D. Parker, and N. R. M. Smith. “Soluble,
conducting polymers from 3-substituted thiophenes and pyrroles”. In: Journal of the Chemical
Society, Chemical Communications 6 (1987), p. 466. doi: 10.1039/c39870000466
104N. Kiriy et al. “One-dimensional aggregation of regioregular polyalkylthiophenes”. In:
Nano Letters 3.6 (June 2003), pp. 707–712. doi: 10.1021/nl0341032
105B.-G. Kim, M.-S. Kim, and J. Kim. “Ultrasonic-assisted nanodimensional self-assembly
of poly-3-hexylthiophene for organic photovoltaic cells.” In: ACS nano 4.4 (Apr. 2010), pp. 2160–
6. doi: 10.1021/nn901568w
106E. Salatelli, L. Angiolini, and A. Brazzi. “Chirality induced by microaggregation of re-
gioregular polythiophenes with side-chain optically active substituent”. In: Chirality 80.Novem-
ber 2009 (2010), pp. 74–80. doi: 10.1002/chir.20900
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ton quenching.107,108 It was already reported that an aggregation morphology in
which chains adopt a non parallel relative orientation results in highly fluorescent
materials.109,110,111
Chirality as a probe Talking of bulk heterojunction solar cells we are referring
to soft-matter, quite disordered, difficult to characterize in the solid state. As
stated in page 4, introducing some extent of chirality in our material allows us to
use circular dichroism spectroscopy to characterize also aggregated states. In an
assembly with chirally oriented identical transition dipole moments in close spatial
proximity, their interaction brings about a splitting, called Davydov splitting,xvii
which is reflected in two distinct CD bands with opposite rotational strength.112
The sum of these two Cotton signalsxviii is a bisignate couplet. In polythiophenes
the chromophore, for pi−pi∗ transitions, is located on the conjugated backbone. We
can imagine the chromophore as a segment of the chain, as long as the conjugation
length. Usually bisignate couplet signals arise from interchain interactions24 but
seldom also from intra-chain interactions.104,113,114 The sign of the couplet can
107M. Theander, O. Ingana¨s, W. Mammo, T. Olinga, M. Svensson, and M. R. Andersson.
“Photophysics of Substituted Polythiophenes”. In: The Journal of Physical Chemistry B 103.37
(Sept. 1999), pp. 7771–7780. doi: 10.1021/jp983684u
108K. Kaneto and K. Yoshino. “Optical anisotropy of polythiophene films”. In: Synthetic
Metals 28.1-2 (Jan. 1989), pp. 287–292. doi: 10.1016/0379-6779(89)90535-3
109S. Zahn and T. M. Swager. “Three-Dimensional Electronic Delocalization in Chiral
Conjugated Polymers”. In: Angewandte Chemie 22 (2002), pp. 4399–4404. doi: 10.1002/1521-
3757(20021115)114:22<4399::AID-ANGE4399>3.0.CO;2-C
110R. Deans, J. Kim, M. R. Machacek, and T. M. Swager. “A Poly( p -phenyleneethynylene)
with a Highly Emissive Aggregated Phase”. In: Journal of the American Chemical Society 122.35
(Sept. 2000), pp. 8565–8566. doi: 10.1021/ja0007298
111J.-L. Bre´das, J. Cornil, D. Beljonne, D. A. dos Santos, and Z. Shuai. “Excited-State
Electronic Structure of Conjugated Oligomers and Polymers: A Quantum-Chemical Approach
to Optical Phenomena”. In: Accounts of Chemical Research 32.3 (Mar. 1999), pp. 267–276. doi:
10.1021/ar9800338
xviiDavydov splitting, the splitting of bands in the electronic or vibrational spectra of crystals
due to the presence of more than one (interacting) equivalent molecular entity in the unit cell.
(IUPAC Gold Book)
112N. Berova, L. Di Bari, and G. Pescitelli. “Application of electronic circular dichroism in
configurational and conformational analysis of organic compounds.” In: Chemical Society reviews
36.6 (June 2007), pp. 914–31. doi: 10.1039/b515476f
xviiiCotton effect, the characteristic change in optical rotatory dispersion and/or circular
dichroism in the vicinity of an absorption band of a substance. In a wavelength region where
the light is absorbed, the absolute magnitude of the optical rotation at first varies rapidly with
wavelength, crosses zero at absorption maxima and then again varies rapidly with wavelength
but in opposite direction. (Wikipedia)
113K. P. R. Nilsson, J. Rydberg, L. Baltzer, and O. Ingana¨s. “Twisting macromolecular
chains: self-assembly of a chiral supermolecule from nonchiral polythiophene polyanions and
random-coil synthetic peptides.” In: Proceedings of the National Academy of Sciences of the
United States of America 101.31 (Aug. 2004), pp. 11197–202. doi: 10.1073/pnas.0401853101
114B. M. W. Langeveld-Voss, R. A. J. Janssen, M. P. T. Christiaans, S. C. J. Meskers,
H. P. J. M. Dekkers, and E. W. Meijer. “Circular Dichroism and Circular Polarization of Photo-
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indicate the relative orientation of the chromophores.115
Chirality in good solvent Chiral polythiophenes in a good solvent usually
exhibit only very weak electronic circular dichroism106 because when the chain is
well solvated chirality in side groups doesn’t influence the pi−pi∗ transitions of the
backbone.
Chirality in poor solvent When the conjugated chains interact with each
other, the side groups rotational freedom is reduced and their chirality influences
the organization of the material via steric repulsion. Adding a poor solvent or
a non solvent to a solution of polymer, we can observe the rising of an induced
circular dichroism during the formation of aggregated states; this can be caused by
main chain twists or by a supramolecular chiral organization. The percent of non
solvent can have a non trivial effect on the obtained aggregate19,67 which can be
studied via circular dichroism spectroscopy. Moreover changing solvent and/or non
solvent could change dramatically the kind of aggregation and the CD spectra of the
supramolecular assembly.106,20,116 We employed mixtures of good and poor solvents
like: chloroform-methanol, chloroform-acetonitrile, tetrahydrofuran-methanol and
tetrahydrofuran-acetonitrile.
luminescence of Highly Ordered Poly{3,4-di[( S )-2-methylbutoxy]thiophene}”. In: Journal of
the American Chemical Society 118.20 (Jan. 1996), pp. 4908–4909. doi: 10.1021/ja9600643
115B. M. W. Langeveld-Voss, D. Beljonne, Z. Shuai, R. A. J. Janssen, S. C. J. Meskers,
E. W. Meijer, and J.-L. Bre´das. “Investigation of Exciton Coupling in Oligothiophenes by
Circular Dichroism Spectroscopy”. In: Advanced Materials 10.16 (Nov. 1998), pp. 1343–1348.
doi: 10.1002/(SICI)1521-4095(199811)10:16<1343::AID-ADMA1343>3.0.CO;2-Z
116B. M. W. Langeveld-Voss, M. P. T. Christiaans, R. A. J. Janssen, and E. W. Meijer.
“Inversion of Optical Activity of Chiral Polythiophene Aggregates by a Change of Solvent”. In:
Macromolecules 31.19 (Sept. 1998), pp. 6702–6704. doi: 10.1021/ma980813w
Chapter 2
Synthesis and Characterization
2.1 Monomer Synthesis and Characterization
Two monomers were chosen for their simple and inexpensive synthesis: 2-bromo-5-
iodo-3-[2-((S)-2-methylbutyloxy)ethyl]thiophene and 2-bromo-5-iodo-3-[((S)-2-methyl-
butyloxy)methyl]thiophene 2S. During the synthesis of the first monomer we en-
countered some problems thus we abandoned the former in favor of the latter
monomer, which promised an effortless synthesis.
2.1.1 Side Chain
Enantiopure (S)-2-methyl-1-butanol and scalemic 2-methyl-1-butanol alcohols were
deprotonated in tetrahydrofuran using one equivalent of sodium hydride, then their
alkoxides were reacted in a nucleophilic substitution with commercial 2-bromo-3-
(bromomethyl)thiophene giving 2-bromo-3-[(2-methylbutyloxy)methyl]thiophene 1
and 2-bromo-3-[((S)-2-methylbutyloxy)methyl]thiophene 1S. Refer to Section 4.3.1
for complete experimental procedure.117 Purity was confirmed by thin layer chro-
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Figure 2.1: Etherifi-
cation reaction.
117E. Lee, B. A. G. Hammer, J.-K. Kim, Z. Page, T. Emrick, and R. C. Hayward. “Hi-
erarchical helical assembly of conjugated poly(3-hexylthiophene)-block-poly(3-triethylene glycol
thiophene) diblock copolymers.” In: Journal of the American Chemical Society 133.27 (July
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Figure 2.2:
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matography (TLC) and gas chromatography–mass spectrometry (GC–MS). The
electronic effect of the oxygenated side group on the thiophene ring was estimated
via computational calculations. Comparing molecular orbital energies of 3-propyl-
thiophene with 3-(methoxymethyl)thiophene, the oxygen atom resulted to have
an electron withdrawing effect on the thiophenic ring (optimization and energy
calculation Gaussian09c01/DFT/B3LYP/cc-pVDZ). This is confirmed by cyclic
voltammetry on similar polymers reported in the literature.62
2.1.2 Iodination
The chosen polymerization strategy requires a iodinated-brominated thiophene
monomer, thus the previously synthesized ether was iodinated selectively in posi-
tion 5.
In a dichloromethane solution of 2-bromo-3-[(2-methylbutyloxy)methyl]thio-
phene 1 or 2-bromo-3-[((S)-2-methylbutyloxy)methyl]thiophene 1S, iodine and
iodobenzene diacetate were added to obtain the desired monomer 2-bromo-5-iodo-
3-[((S)-2-methylbutyloxy)methyl]thiophene 2 or 2-bromo-5-iodo-3-[((S)-2-methyl-
butyloxy)methyl]thiophene 2S, as indicated in Figure 2.2. Refer to Section 4.3.3
for complete experimental procedure.64 The structure was verified by 1H-NMR, 13C-
NMR and Fourier transform infrared spectroscopy (FTIR) characterization. Partial
confirmation of 1H-NMR and 13C-NMR data can be found in Locke et al.64 looking
for molecule S6. Purity was confirmed by TLC and GC–MS.
The quantities of iodine and iodobenzene diacetate are crucial to obtain only
the monoiodinated product. The presence of a iodine atom allows us to activate
selectively the desired position without competition from the bromine atom, as
we’ll see in the next section.
2.1.3 Metalation Reaction
In order to evaluate the regioselectivity of Grignard metathesis we reacted the
monomer 2 with one equivalent of isopropyl magnesium bromide, both in presence
2011), pp. 10390–3. doi: 10.1021/ja2038547
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Figure 2.3: Metalation
activation reaction.
and in absence of lithium chloride, and quenched with a solution of hydrochloric
acid. Gas chromatography–mass spectrometry (GCMS) analysis showed a com-
plete and regioselective hydrolysis when no lithium chloride is present. If LiCl
is added, the product, after washing and extraction, appears to contain a small
quantity of immiscible byproduct. GC–MS analysis showed a decrease in regio and
chemioselectivity. Chromatograms are reported in appendix.
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2.2 Polymer Synthesis
For the polymerization of poly{3-[((S)-2-methylbutyloxy)methyl]thiophene} P1S
we followed the procedure by Miyakoshi et al.15 designed for the polymerization
of P3HT.
Polythiophene P1S was synthesized without addition of lithium chloride. To
2-bromo-5-iodo-3-[((S)-2-methylbutyloxy)methyl]thiophene 2S in dry tetrahydro-
furan at 0 ◦C under nitrogen atmosphere one equivalent of isopropyl-magnesium
chloride was added dropwise. After one hour a suspension of the catalyst dichloro-
(1,3-bis(diphenylphosphino)propane)nickel (Ni(dppp)Cl2) was poured in reaction
mixture and the polymerization remained at room temperature for a day. The
reaction was quenched adding 5m hydrochloric acid, resulting in a low weight
polymer (see Figure 2.7 and Table 2.1, Mn ≈ 3.4 kg mol−1 thus ≈ 20 repeating
units).
Afterward we changed the polymerization conditions by following the pro-
cedure of Higashihara et al.78 designed for the synthesis of polythiophene with
triethylene glycol side chains to prepare poly{3-[(2-methylbutyloxy)methyl]thio-
phene} P2 and poly{3-[((S)-2-methylbutyloxy)methyl]thiophene} (P2S, same re-
peating unit of P1S). This procedure is the most common one for monomers bear-
ing hydrophilic oxyethylene side chains,44,118,61,62,45 but procedures with different
phosphine ligand are also reported.63,119 Polymers P2 and P2S were synthesized
starting respectively from 2-bromo-5-iodo-3-[(2-methylbutyloxy)methyl]thiophene
2 and 2-bromo-5-iodo-3-[((S)-2-methylbutyloxy)methyl]thiophene 2S in presence
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Figure 2.4: Polymerization method.
118B. A. G. Hammer, F. A. Bokel, R. C. Hayward, and T. Emrick. “Cross-Linked Conju-
gated Polymer Fibrils: Robust Nanowires from Functional Polythiophene Diblock Copolymers”.
In: Chemistry of Materials 23 (Sept. 2011), pp. 4250–4256. doi: 10.1021/cm2018345
119T. Yokozawa, I. Adachi, R. Miyakoshi, and A. Yokoyama. “Catalyst-Transfer Conden-
sation Polymerization for the Synthesis of Well-Defined Polythiophene with Hydrophilic Side
Chain and of Diblock Copolythiophene with Hydrophilic and Hydrophobic Side Chains”. In:
High Performance Polymers 19.5-6 (Apr. 2008), pp. 684–699. doi: 10.1177/0954008307081212
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Figure 2.5:
1H-NMR
(600 MHz)
of polymer
P2 in 1,1,2,2-
tetrachloroethane
(TCE)-d2.
of lithium chloride. These syntheses resulted in medium weight polymers (see
Figure 2.7 and Table 2.1, Mn ≈ 10 kg mol−1, ≈ 50 repeating units) thus NMR
signals from initial tail-to-tail dyad and from terminations should be negligible
if compared with main peaks. P2 and P2S were carefully purified via various
Soxhlet extractions in order to remove catalyst and possible oligomer impurities
(see experimental procedure at page 82).
2.2.1 Regioregularity
As shown in Figure 1.7 a thiophenic unit can be in four different environments,
each giving different NMR signals. In a regioregular head-to-tail polythiophene,
every backbone ring is in the same environment. Instead a regiorandom polymer
would give rise to four different singlets for aromatic protons.76,11,10,62,77,6
1H-NMR and 13C-NMR spectra of P1S show many secondary peaks (see Fig-
ures 2.6a and 2.6b), some of these peaks will be assigned to the end groups of the
polymer, see Section 2.2.3.
1H-NMR spectra from polymers P2 and P2S (see Figures 2.6c, 2.6e, 2.5 and
appendix) show only a singlet for aromatic hydrogen at 7.21 ppm.
In the region of aliphatic protons in 1H-NMR spectrum from P2 (see Figures 2.6c
and 2.5) we can see only main peaks while in 1H-NMR spectrum from P2S (see
Figures 2.6e and appendix) there are small secondary peaks indicating a lower
molecular weight or a higher percent of hydrogen substituted chain ends. For a
full assignment of 1H-NMR and 13C-NMR signals refer to Table 2.2. 13C-NMR spectra
of these polymers (see Figures 2.6d and 2.6f, complete spectra in appendix) show
only four resonances in the aromatic region, corresponding to the four carbons
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Figure 2.6: Part of 1H-NMR and 13C-NMR spectra in d2-TCE. (a) and (b) spectra of
low weight polymer P1S; (c) and (d) spectra of polymer P2; (e) and (f)
spectra of polymer P2S.
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of the thiophene ring repeating unit with head-to-tail orientation,77,45 thus the
regioregularity seems complete.6 Some very small peaks from impurities, noticeable
in Figure 2.6f, are present also in Figure 2.6b (corresponding to peaks reported in
Table 2.2d).
2.2.2 Polydispersity and Molecular Weight
It is known that the use of a folded random coil polystyrene as a standard for size
exclusion chromatography leads to an overestimation of the polymeric weight of
our rigid rod polythiophenes.120
After purification of P1S the yield was low (maybe due to losses during pu-
rification) and the resulting polymer was rather an oligomer (Mn ≈ 3.3 kg mol−1,
corresponding to ≈ 18 repeating units, polydispersity index Mw/Mn = 1.32), as
seen by size exclusion chromatography (SEC) in Figure 2.7. This shortness could
be caused by the presence of an oxygen atom in our side chain. This oligomer was
used for two-dimensional nuclear magnetic resonance (NMR-2D) characterization
reported in Section 2.2.3.
According to its bimodal peak in size-exclusion chromatogram reported in Fig-
ure 2.7, polymer P2S contains two families of polymers: the most abundant one
with molar mass ≈ 13 kg mol−1 and the minor one with molar mass ≈ 27 kg mol−1.
This indicates the presence of a dimerization reaction during the overnight poly-
merization. We can exclude a dimerization during the quenching performed with
aqueous hydrochloric acid.98,53 Size-exclusion chromatography at 145 ◦C in ortho-
dichlorobenzene was performed as a check (see Table 2.1). The resulting poly-
dispersity index (PDI) measured in chloroform Mw/Mn = 1.39 is better than the
reported polydispersity index (PDI) Mw/Mn = 1.68 of a polythiophene polymer-
ized with GRIM/KCTP and a very similar side chain.62 Number average molecular
weight obtained in our synthesis (Mn = 10.6 kg mol
−1) corresponds to around 58
repeating units and is compatible with the monomer to catalyst feed ratio (45:1)
but lower than the molar mass from the reference article (Mn = 16.5 kg mol
−1).78
By the way, the resulting molar mass is higher than Mn of P1S, we attribute this
enhancement to the addition of lithium chloride. The yield in P2S (estimated
from recovered weight after purification) is ≈ 78 %.
Results from SEC at room temperature in tetrahydrofuran of polymer P2 indi-
cate a higher molecular weight than for polymer P2S and a broader polydispersity,
this is in accordance with data obtained from SEC characterizations at 145 ◦C in
ortho-dichlorobenzene (see Table 2.1). In the chromatograms recorded in tetra-
hydrofuran (THF) we can see the presence of peaks at higher molecular weight
related to aggregated chains, thus confirming the THF as a non perfect solvent.
120M. Wong, J. Hollinger, L. M. Kozycz, T. M. McCormick, Y. Lu, D. C. Burns, and D. S.
Seferos. “An Apparent Size-Exclusion Quantification Limit Reveals a Molecular Weight Limit in
the Synthesis of Externally Initiated Polythiophenes”. In: ACS Macro Letters 1.11 (Nov. 2012),
pp. 1266–1269. doi: 10.1021/mz300333f
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Figure 2.7: SEC chromatograms at 35 ◦C in CHCl3 of polymer P1S:
Mpeak = 3.9 kg mol
−1, Mn = 3.4 kg mol−1, Mw = 4.4 kg mol−1,
Mz = 5.7 kg mol
−1, Mz+1 = 7.1 kg mol−1, Mw/Mn = 1.32, Mz/Mw = 1.29
and of polymer P2S: Mpeak = 12.9 kg mol
−1, Mn = 10.6 kg mol−1,
Mw = 14.8 kg mol
−1, Mz = 20.2 kg mol−1, Mz+1 = 26.7 kg mol−1,
Mw/Mn = 1.39, Mz/Mw = 1.37. Conditions for recording both
chromatograms were the same.
Table 2.1: Data from size exclusion chromatograms of polymers P1S, P2 and P2S
in chloroform and ortho-dichlorobenzene (o-DCB).
Polymer Method Mn (g mol
−1) Mw (g mol−1) Mw/Mn
P1Sa CHCl3, 35
◦C 3359 4420 1.32
P2Sa CHCl3, 35
◦C 10550 14873 1.41
P2Sa o-DCB, 145 ◦C 7556 12511 1.66
P2a o-DCB, 145 ◦C 7700 13351 1.73
P1Sb THF, 35 ◦C 3590 4620 1.29
P2Sb THF, 35 ◦C 10825 14335 1.32
P2b THF, 35 ◦C 14800 20130 1.36
a measured in Milan; b measured in Catania.
The yield in P2 (estimated from recovered weight after purification) is ≈ 61 %.
2.2.3 Chain Termini
Quenching a living polymerization with 5m aqueous hydrochloric acid should in-
activate the catalyst and insert a hydrogen atom in the growing end,53 as shown
in Figure 2.9.
In the aromatic region of 1H-NMR spectrum from P1S we can see (see Fig-
ure 2.6a) two doublets at 7.15 and 7.35 ppm with scalar coupling J = 5.2 Hz. The
presence of two hydrogen atoms on a thiophene ring bearing also a side group,
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Figure 2.8:
Our repeating
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Table 2.2: Groups of 1H-NMR and 13C-NMR signals of P1S from NMR-2D spectra.
(a) Relative intensity: 1
H δ (ppm) C δ (ppm)
C5 132.91
C2 133.68
C3 136.54
H15 7.22 C4 129.28
H16,17 4.54 C6 66.71
H18,19 3.39, 3.31 C8 75.88
H20,21,22 0.92 C12 16.73
H23 1.69 C9 34.86
H24,25 1.15, 1.46 C10 26.25
H26,27,28 0.88 C11 11.38
(b) Relative intensity: 0.18
H δ (ppm) C δ (ppm)
H13 7.36 J = 5.2 C5 126.33
C2 129.60?
C3 139.02?
H15 7.16 J = 5.1 C4 128.92
H16,17 4.38 C6 66.41
H18,19 3.16, 3.24 C8 75.72
H20,21,22 0.85 C12 16.58
H23 1.60 C9 34.76
H24,25 1.38, 1.06 C10 26.16
H26,27,28 0.88 C11 11.32
(c) Relative intensity: 0.16
H δ (ppm) C δ (ppm)
C3,2
139.50,
130.76
H15 7.24 C4 127.71
H16,17 4.33 C6 66.45
H18,19 3.16, 3.24 C8 75.72
H20,21,22 0.85 C12 16.58
H23 1.60 C9 34.76
H24,25 1.38, 1.06 C10 26.16
H26,27,28 0.88 C11 11.32
(d) Relative intensity: ≈ 0.10
H δ (ppm) C δ (ppm)
C2,3,5
134.59,
132.20,
136.77?
H15 7.19 C3 126.81
H16,17 4.52 C6 66.71
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Figure 2.9:
Quenching process.
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implies a hydrogen terminated chain end. An hydrogen in the α position on a
thiophene ring is expected to be generated by the quenching process of the living
chain; this reaction should produce a thiophene ring with the 2 and 4 positions (for
position numbering refer to Figure 1.6) substituted with hydrogen atoms. Look-
ing at the amplitude of the J-coupling we can verify the relative position of these
two protons. From the literature on thiophene we know that the width of the
J-coupling for two non vicinal hydrogen atoms in position 2 and 4 is J ≈ 1.4 Hz.15
The observed J-coupling of 5.2 Hz indicates121 the position of hydrogen atoms be-
ing vicinal, thus positions 4 and 5. This means that a reversed regioregularity in
the ending thiophene ring was present.
Analysis of NMR-2D maps (1H-COSY;xix 1H-TOCSY;xx 1H,13C-HSQC;xxi 1H,13C-
HMBCxxii) confirms this hypothesis and allows us to distinguish four groups of
signals related to four thiophenic units present in P1S. The most abundant unit
is assigned to head-to-tail repetition and is reported in Table 2.2a. The previously
identified H terminated tail ending is reported in Table 2.2b. Other groups of
signals could be due to different terminations or regioregularity defects.
The presence of this H terminated tail monomer in the chain end could be
due to a partial formation of the unintended regioisomer 2-magnesiochloro-5-
iodo-3-[((S)-2-methylbutyloxy)methyl]thiophene (see Section 2.1.3). This isomer is
less reactive11,9,13,57,53 than 2-bromo-5-magnesiochloro-3-[((S)-2-methylbutyloxy)-
methyl]thiophene. This wrong terminus combined with the low yield make evident
that the presence of an oxygen in side chain has a strong negative influence on this
living polymerization.
121A. P. Zoombelt, M. A. M. Leenen, M. Fonrodona, Y. Nicolas, M. M. Wienk, and R. A. J.
Janssen. “The influence of side chains on solubility and photovoltaic performance of dithiophene-
thienopyrazine small band gap copolymers”. In: Polymer 50.19 (Sept. 2009), pp. 4564–4570. doi:
10.1016/j.polymer.2009.07.028
xixCOSY, two-dimensional correlation spectroscopy.
xxTOCSY, two-dimensional total correlation spectroscopy, also called HOHAHA (homo-
nuclear Hartmann Hahn).
xxiHSQC, heteronuclear single quantum coherence spectroscopy.
xxiiHMBC, heteronuclear multiple bond correlation.
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P2 and P2S were polymerized with shorter reaction times (12 h) and addition
of lithium chloride. From 1H-NMR and 13C-NMR characterization these polymers
seems very long and regioregular, terminations signals are so weak to make their
identification difficult. In 13C-NMR spectra of P2 no aromatic carbon signals can
be distinguished from the noise except the ones from regioregular repetition (see
Figure 2.6d). In 13C-NMR spectra of P2S we can recognize also the presence of
signals reported for P1S in Table 2.2d (see Figure 2.6f).
A reliable quantitative analysis of terminations using NMR spectroscopy, both
1H and 13C, is prevented by the rigid nature of the conjugated polymer back-
bone that causes an heterogeneous correlation time τc. This fact implies a huge
experimental work to find the best relaxation time.
Further termination characterization was performed on sample P2S with matrix-
assisted laser desorption-ionization–time-of-flight mass spectrometry (MALDI–TOF
MS) and SEC/matrix-assisted laser desorption-ionization–time-of-flight mass spec-
trometry (MALDI–TOF MS) by the Institute of Chemistry and Technology of Poly-
mers (ICTP-CNR, Catania). Linear mode mass spectrometry (spectra in appendix)
from two different matrices (dithranol and α-cyano-4-hydroxycinnamic acid) was
performed and results are reported in Table 2.3. Surprisingly the terminations
were completely different from the H/Br termination expected from the litera-
ture,53 this could be related to a quenching of the polymerization due to some
oxygen or monomers activated with inverse regioselectivity due to the presence of
LiCl. Another hypothesis is that the quenching wasn’t effective because of the not
so good solubility of the prepared polymer in the polymerization solvent, tetra-
hydrofuran at room temperature, that could lead to aggregation prior to quenching
agent addition thus reducing the quenching efficiency.
Preliminary results from SEC/MALDI–TOF MS of compound P2S are reported
in Figure 2.10.
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Table 2.3: MALDI–TOF MS results from polymer P2S in linear mode from dithranol
and α-cyano-4-hydroxycinnamic acid matrices.
terminations
relative intensity in
dithranol
relative intensity in
α-cyano-4-hydroxy-
cinnamic acid
low massa high massb low massa high massb
H / OH 30 30 30 35
Br / I 70 25 100 40
Br / Ni(dppp)Cl 25 5 30 5
Br / OH 100 50 85 50
Br / H 20 45 30 40
H / I 20 5 40 10
Br / Br 90 100 75 100
Br / NiCl 30 28 40 20
a 2.5 < mass kg mol−1< 3.2; b 3.2 < mass kg mol−1
Figure 2.10: Pre-
liminary results from
combined SEC/MALDI–
TOF MS of P2S.
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2.3 Polymer Optical and Morphological Charac-
terization
2.3.1 Vibrational Spectroscopy Characterization
The main absorption bands observed in the infrared spectra of monomer 2, poly-
mers samples and their assignments are listed in Table 2.4. All of the polythio-
phenes have similar infrared spectra but noticeable differences are evident. Spectra
are reported in Figure 2.11.
The infrared band in the region around 3060 cm−1 are related to aromatic C Hβ
(β is referred to proton in 3 or 4 position) stretching.122 C Hα (H in position 2
or 5) origins a stretching band around 3105 cm−1, this signal is present in FTIR
spectrum of P1S as a shoulder thus confirming the presence of Hα as spotted by
NMR spectra discussed in page 32.
IR bands around 1517 and 1461 cm−1 were assigned respectively to the C C
antisymmetric stretching vibration and C C symmetric stretching.123
The Iantisymm/Isymm ratio is reported to increase as the polymerization degree
increases thus it is a rough indication of the conjugation length.124 In our polymers
the lowest Ia/Is ratio is recorded for P1S in accordance with his shortest length.
The IR band at 1260 cm−1 could be related to the conformation of the poly-
thiophene chain.125
IR band in the region 830-840 cm−1 is assigned to aromatic CH out-of-plane
bending of substituted thiophene rings.122 The energy of this band is reported to
be indicative of the polythiophene regioregularity,11,126 in our polymers this energy
is comparable with similar regioregular polythiophenes.61
The vibration at 471 cm−1 is only present in monomer 2 and seems to involve
halogen atoms.127
122S. Hotta, S. D. D. V. Rughooputh, A. J. Heeger, and F. Wudl. “Spectroscopic studies
of soluble poly(3-alkylthienylenes)”. In: Macromolecules 20.1 (Jan. 1987), pp. 212–215. doi:
10.1021/ma00167a038
123D. W. Scott. “A valence force field for thiophene and its deuterium and methyl deriva-
tives”. In: Journal of Molecular Spectroscopy 31.1-13 (Jan. 1969), pp. 451–463. doi: 10.1016/
0022-2852(69)90374-9
124Y. Furukawa, M. Akimoto, and I. Harada. “Vibrational key bands and electrical conduc-
tivity of polythiophene”. In: Synthetic Metals 18.1-3 (Feb. 1987), pp. 151–156. doi: 10.1016/
0379-6779(87)90870-8
125M. J. Winokur, D. Spiegel, Y. Kim, S. Hotta, and A. J. Heeger. “Structural and absorp-
tion studies of the thermochromic transition in poly(3-hexylthiophene)”. In: Synthetic Metals
28.1-2 (Jan. 1989), pp. 419–426. doi: 10.1016/0379-6779(89)90554-7
126T. Caronna, M. Catellani, S. Luzzati, S. V. Meille, and V. Romita. “Structural effects
in poly(3-alkylthiophene)s on the exposition to poor solvent”. In: Macromolecular Rapid Com-
munications 18.10 (Oct. 1997), pp. 939–943. doi: 10.1002/marc.1997.030181007
127M. Horak, I. J. Hyams, and E. R. Lippincott. “The vibrational spectra thiophene deriva-
tives: the monohalogenothiophenes”. In: Spectrochimica Acta 22.7 (July 1966), pp. 1355–1363.
doi: 10.1016/0371-1951(66)80039-5
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Table 2.4: Characteristic FTIR peaks wavenumbers (cm−1) for compounds 2, P1S,
P2 and P2S films on KBr disk.
2 P1S P2 P2S Assignment
3093 (w) 3064 (w) 3061 (w) 3062 (w) arom. CH stretching
2959 (s) 2961 (s) 2961 (s) 2961 (s) CH3 degen. stretching
2928 (s) 2930 (s) 2927 (s) 2928 (s) CH2 antisymm. stretching
2873 (s) 2874 (s) 2874 (s) 2874 (s) CH3 symm. stretching
2858 (s) 2858 (s) 2858 (s) 2858 (s) CH2 symm. stretching
2805 (w) 2805 (w) 2805 (w)
2733 (w,b) 2732 (w,b) 2731 (w,b) 2731 (w,b)
2600 (w,b)
2080 (w) 2080 (w) 2080 (w)
1730 (w) 1736 (m) 1730 (w)
1675 (w) 1670 (m,b) 1673 (m) 1665 (w)
1537 (w) 1517 (m) 1516 (m) 1516 (m)
C C thiophene
antisymm. stretching
1460 (s) 1461 (s) 1462 (s) 1462 (s)
C C thiophene symm.
stretching,
CH3 degen. deform.
1413 (s) 1415 (m,b) 1414 (m) 1414 (m)
1377 (m) 1378 (s) 1378 (s) 1378 (s) CH3 symm. deform.
1260 (w) 1260 (w) 1261 (m) 1260 (w)
1178 (s) 1180 (m,b) 1181 (m) 1180 (m)
1098 (s) 1091 (s) 1091 (s) 1091 (s) CO antisymm. stretching
994 (m) ring breathing
833 (m) 838 (m,b) 841 (m) 841 (m) arom. H out-of-plane bending
801 (w) 801 (m) 802 (w)
471 (m)
C halogen sensitive,
out-of-plane
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Figure 2.12: UV–vis spectra of P1S, P2 and P2S in good solvents. Concentration
137 mg L−1. Pathlength 1 mm. Molar absorptivity is referred to the
quantity of thiophene rings;  = abs/(l(cm) · c(mol/L).
2.3.2 Ultraviolet–Visible Spectroscopy Characterization
In a Good Solvent
Ultraviolet–visible (UV–vis) spectra of our polymers in chloroform solution were
recorded and reported in Figure 2.12. The main peak belongs to HOMO-LUMO
transition due to pi → pi∗ excitation of conjugated polythiophene chromophore.
A narrow and weak peak around 265 nm could be due to non-conjugated rings,
common in aromatics.35
From the reported UV–vis spectra in chloroform we can notice a red-shift in
the main peaks of P2 (447 nm) and P2S (445 nm) vs. P1S (430 nm) reflecting the
longer conjugation length of P2 and P2S. When the UV–vis spectrum of P2 is
recorded in tetrahydrofuran only a negligible difference in the maximum absorption
wavelength (449 nm) can be observed.
Chloroform, ortho-dichlorobenzene and tetrachloroethane (TCE) are good sol-
vents for our polymers, tetrahydrofuran is a borderline solvent as it dissolves our
polymers but with a slow dissolution kinetic. Also dichloromethane isn’t a perfect
solvent for our polymers. Some poor solvents are: hexane, dimethylformamide,
toluene (toluene is a poor solvent at room temperature, but a good solvent at high
temperature), methanol, acetonitrile and acetone.
Peak energies are comparable with other regioregular polythiophene with side
chain starting with methylene-oxygen group.78,62,44,45
The molar absorption coefficient referred to the monomeric units for P1S is
≈ 3.8× 103m−1 cm−1 (380 m2 mol−1), for P2 is≈ 5.6× 103m−1 cm−1 (560 m2 mol−1)
and for P2S is ≈ 7.0× 103m−1 cm−1 (700 m2 mol−1).
In Mixtures of Good and Poor Solvents
Adding some poor solvent to a solution of polymer leads to an aggregation, this
can be simply identified by looking at the color of the solutions as shown in Fig-
ure 2.13. The obtained aggregates spontaneously precipitate within some hours or
days forming a flocculate, this can affect the recording of the spectra.
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Figure 2.13: Photography of P2S in chloroform-methanol mixtures. From left to
right (and RGB color descriptions): in CHCl3 (red 59 %, green 41 %),
MeOH 20 % (red 61 %, green 39 %), MeOH 30 % (red 67 %, green
33 %), MeOH 40 % (red 73 %, green 27 %), MeOH 50 % (red 78 %,
green 22 %), MeOH 60 % (red 80 %, green 20 %) and MeOH 70 % (red
82 %, green 18 %).
We noticed that P1S (fixed concentration 137 mg L−1, ≈ 0.75 mm in monomeric
units) in chloroform shows a small absorbance shift when a poor solvent like
methanol was added (MeOH 0 % 430 nm, MeOH 50 % 433 nm, MeOH 60 %
435 nm and MeOH 70 % 434 nm) while an extensive aggregation and precipitation
occurred as revealed by the scattering baseline of sample in 70 % of methanol
(spectra are reported in appendix). The absence of a significant peak shift in-
dicates the lack of exciton coupling or conjugation extension in aggregated form
compared to solubilized form (maybe the conjugation length is limited by the very
small molecular weight, see SEC chromatogram in Figure 2.7). At high methanol
concentrations a new peak at 330 nm rises, this peak is not assigned.
As stated before, acetonitrile is a poor solvent for our polymers. Adding aceto-
nitrile to a chloroform solution of polymer P2 until 1:1 ratio of good-poor solvent
resulted in a red-shift of 17 nm (447 nm → 464 nm) due to chain conjugation ex-
tension and exciton coupling in the aggregated state. Adding acetonitrile to a
tetrahydrofuran solution caused a red-shift of 17 nm (449 nm → 466 nm). When
methanol is used as a poor solvent together with tetrahydrofuran a 17 nm red-shift
occur adding just 30 % of non-solvent (449 nm → 466 nm). Adding 10 % more
methanol resulted in further 5 nm shift (466 nm → 471 nm). These data suggests
that tetrahydrofuran is a worse solvent than chloroform and methanol is worse
than acetonitrile.
We notice that when a non-solvent is added the peak at ≈ 265 nm becomes
weaker, thus supporting the hypothesis that this peak is related to non-conjugated
thiophene rings (expressed in page 38).
UV–vis measurement for P2S were performed at constant polymer concentra-
tion (137 mg L−1, 0.75 mm in monomeric units, ≈ 1× 10−5m in polymeric chains)
both in chloroform-methanol and chloroform-acetonitrile using a 1 mm cuvette. In
chloroform-methanol until 30 % MeOH no variation in the spectra was observed
40 CHAPTER 2. SYNTHESIS AND CHARACTERIZATION
250 300 350 400 450 500 550 600
0
0.2
0.4
0.6
0.8
1
1.2
·104
Wavelength (nm)
M
ol
ar
ab
so
rp
ti
v
it
y
(m
−1
cm
−1
) P2S in CHCl3
CHCl3 70 % - MeOH 30 %
CHCl3 60 % - MeOH 40 %
CHCl3 50 % - MeOH 50 %
CHCl3 40 % - MeOH 60 %
CHCl3 30 % - MeOH 70 %
Figure 2.14: UV–vis spectra of P2S in chloroform-methanol mixtures. Concentration
137 mg L−1. Pathlength 1 mm.
(445 nm → 444 nm) then at 40 % MeOH a shift of 14 nm can be noticed (445 nm
→ 459 nm) and the peak at short wavelengths (265 nm) starts to weaken, see Fig-
ure 2.14. Adding more methanol (while keeping constant polymer concentration)
the peak energy varies slightly (459 nm → 462 nm) but the absorptivity increases
from 8300m−1 cm−1 up to 13 000m−1 cm−1. Repeating the measurement of the
sample with 70 % MeOH after a day resulted in no variation of the absorption
spectra (after redispersion of the sample).
The fact that a clear isosbestic point is missing in Figure 2.14 suggests that
the transition isn’t a simple one-step process.
In chloroform-acetonitrile P2S didn’t show the absorption intensity enhance-
ment shown in chloroform-methanol. Passing from chloroform solution to 40 %
acetonitrile a 23 nm red-shift was observed (444 nm → 467 nm). Adding more
acetonitrile the peak wavelength didn’t change, no isosbestic point can be seen.
The longer wavelength obtained from aggregation in acetonitrile compared with
aggregation in methanol (see Table 2.5 on page 41) could indicate a different
aggregation geometry, this will be further investigated with circular dichroism
spectroscopy in Section 2.3.4.
The largest red-shift we observed with our polymers (23 nm) is still smaller than
some of the values reported in the literature for aggregated regioregular polythio-
phenes.45,20,104,128 This could point to a different organization with a lesser degree
128C. Shi, Y. Yao, Y. Yang, and Q. Pei. “Regioregular copolymers of 3-alkoxythiophene and
their photovoltaic application”. In: Journal of the American Chemical Society 128.27 (2006),
pp. 8980–8986
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Table 2.5: UV–vis data and estimated band gaps for polymers P1S, P2 and P2S.
polymer processing
UV–vis peak
(nm)
UV–vis onset
(nm)
Band gap
(eV)
P1S
CHCl3 solution 430 523 2.37
spin 700 rpm from CHCl3 ≈ 462 574 2.16
in KCl ≈ 464
P2
CHCl3 solution 446 531 2.33
THF solution 450 533 2.33
cast from CH2Cl2 ≈ 486 589 2.10
in KCl ≈ 493
P2S
CHCl3 solution 444 528 2.35
cast from CHCl3 ≈ 471 584 2.12
cast from THF ≈ 473 581 2.13
cast from CH2Cl2 ≈ 469 577 2.15
spin 700 rpm from CHCl3 ≈ 476 571 2.17
spin 700 rpm from THF ≈ 476 566 2.19
spin 1000 rpm from CHCl3 ≈ 492 587 2.11
in KCl ≈ 495
of planarization or pi − pi stacking.
In Solid State
P1S was analyzed in a thin film spin coated (700 rpm) from chloroform solution.
While only a small red-shift was observed passing from chloroform solution to
chloroform-methanol mixtures (430 nm → 434 nm), in the UV–vis spectrum of
this thin film (reported in appendix), a 32 nm red-shift was observed (430 nm →
462 nm). This fact suggests that the aggregation obtained in 70 % MeOH doesn’t
imply a good packing of chains while this takes place in solid state.
In Figure 2.15 a strong red-shift is observed for P2 cast from dichloromethane
(chloroform solution peak 447 nm, THF 55 % - MeOH 45 % 466 nm, cast from
dichloromethane ≈ 486 nm).
For P2S many films were analyzed, both from spin coating and from casting.
The obtained films vary in thickness and the wavelength of the maximum absorp-
tion peak in their spectra also vary. Thin films from casting have a maximum
absorption wavelength around ≈ 471 nm (cast from CHCl3 ≈ 471 nm, cast from
THF ≈ 473 nm, cast from CH2Cl2 ≈ 469 nm) while spin coated thin films are gen-
erally slightly red-shifted to ≈ 476 nm (spin 700 rpm from CHCl3 ≈ 476 nm, spin
700 rpm from THF ≈ 476 nm) with only a case of film resulting in a very strong
red-shift to ≈ 492 nm (spin 1000 rpm from CHCl3). These UV–vis spectra are re-
ported in appendix. These values are somewhat different from peak wavelengths
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Figure 2.15: Normalized UV-vis spectra of polymer P2 in chloroform, in tetrahydro-
furan-acetonitrile solution and thin film cast from a dichloromethane
solution.
of colloidal dispersions in solvent-non-solvent mixtures (CHCl3 - MeOH ≈ 462 nm,
CHCl3 - CH3CN ≈ 468 nm, THF - CH3CN 467 nm, see Table 2.5). The outlier film
(spin 1000 rpm from CHCl3) also showed a weaker absorption at short wavelengths
(265 nm). The fact that all spin coated films are red-shifted relatively to all cast
films means that a fast spin coating forces the chains to stretch and flatten on
the quartz substrate while a slow deposition allows the chains to aggregate in a
preferred organization with shorter conjugation length or a worse packing.
Thin films from similar polythiophenes bearing unbranched side chains62 showed
a lower pi − pi∗ transition energy (500 nm). This could be related to a worse ex-
citon coupling in our chiral polythiophenes or to a worse packing caused by the
branching of our side chains.
Dipping our films in a side groups-selective solvent could give a reorganization
of side chains helping the reaching of a more ordered arrangement of the macro-
molecules.126,106 Indeed no change in main peak absorption was observed when spin
coated films were dipped in pentane; only the 265 nm weak peak, where present,
decreased in intensity (that could be related to ordering of non-conjugated rings,
see page 38).
The fact that we could not observe a vibronic fine structure in any of the spectra
of our samples, suggests a lack of crystallinity,129,62 as will be further investigated
in Section 2.3.6.
The band gap in solution can be estimated from onset of HOMO-LUMO tran-
sition (a pi → pi∗ transition) in UV–vis spectra. The utilized onset point was the
point where line tangent to the peak’s right inflection point intersect the baseline.
129P. Brown, D. Thomas, A. Ko¨hler, J. Wilson, J.-S. Kim, C. Ramsdale, H. Sirringhaus,
and R. H. Friend. “Effect of interchain interactions on the absorption and emission of poly(3-
hexylthiophene)”. In: Physical Review B 67.6 (Feb. 2003), p. 064203. doi: 10.1103/PhysRevB.
67.064203
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The results are reported in Table 2.5.
Polymers were analyzed also in KCl disks (dried from chloroform with a nitrogen
flux, ground with KCl and pressed). The obtained disks weren’t homogeneous thus
a strong scattering was the issue with these measurements. In disks from P1S no
wavelength change was observed comparing to the spin coated thin film. Both
P2 and P2S have a main peak wavelength around 495 nm and we can notice (see
Table 2.5) a red-shift referring to 700 rpm spin coated and cast films. The facts that
P2S peak position in KCl isn’t significantly different from 1000 rpm spin coated
film and that peak of P1S in KCl isn’t different from P1S spin coated prompt us
to believe that drying the samples with a nitrogen flux had the same effect of a
fast spin coating on polymers. But we can’t exclude that an aggregation change
could be due to sintering of the polymer due to the huge pressure used to produce
KCl disks.130
130M. A. Loi, Q. Cai, H. R. Chandrasekhar, M. Chandrasekhar, W. Graupner, G. Bongio-
vanni, A. Mura, C. Botta, and F. Garnier. “High pressure study of the intramolecular vibrational
modes in sexithiophene single crystals”. In: Synthetic Metals 116.1-3 (Jan. 2001), pp. 321–326.
doi: 10.1016/S0379-6779(00)00430-6
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Figure 2.16: Photoluminescence and absorption of P1S, P2 and P2S chloroform
solutions. Concentration for photoluminescence samples is 5.48 g L−1.
Absorption spectra are rescaled to photoluminescence (PL) intensity.
2.3.3 Photoluminescence Spectroscopy Characterization
In a Good Solvent
In a good solvent like chloroform, P2 and P2S have similar photoluminescence
spectra (see Figure 2.16) when stimulated at 450 nm. This was expected because
in solution the chirality of side chains shouldn’t influence to a big extent the
conjugated backbone which is responsible for absorption and emission. P1S in
chloroform shows a lower fluorescence efficiency (see Figure 2.16). For each poly-
mer increasing by 40 times the concentration had no effect on fluorescence spectra
except for a small decrease of emission maybe due to interaction between chains,
not yet an aggregation, or due to auto-absorption (as shown in Figure 2.16, the su-
perposition of absorption and emission spectra is tiny, thus an auto-absorption by
Fo¨rster resonance energy transfer should have a limited importance). All the poly-
mers show fluorescence maximum at about the same wavelength (575 nm) with an
intense shoulder at lower energies (600 nm). Usually in polythiophenes this shoul-
der is assigned to a small extent of aggregation present even in good solvent or
to a vibronic band. No similar vibronic shoulder was seen in absorption spectra.
Another possibility is that the two peaks could originate from different molecular
structures, for example from two different molecular weights (see Section 2.2.2 for
results on weight), with the emission from the low weight fraction pumping energy
in the absorbance of the high weight fraction via a Fo¨rster resonance energy trans-
fer. Moreover we can hypothesize the presence of different chain conformations in
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Figure 2.17: Photography of photoluminescence of P2S in chloroform-methanol mix-
tures illuminated at 365 nm. From the left to the right: in CHCl3, MeOH
20 %, MeOH 30 %, MeOH 40 %, MeOH 50 %, MeOH 60 % and MeOH
70 %.
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Figure 2.18: Photoluminescence of P1S in chloroform-methanol mixtures. Concen-
tration 137 mg L−1.
solution.
The Stokes shiftxxiii is about 0.63 eV (absorption ≈ 445 nm, 2.79 eV, emission
≈ 575 nm, 2.16 eV), comparable with other polythiophenes.114,70,107,61,78,72
In Mixtures of Good and Poor Solvents
As it’s clear by looking at Figure 2.17, the addition of methanol to polymer solu-
tions in chloroform produces a quenching in the fluorescence due to the formation
of aggregated states with very low quantum efficiency.
Adding 50 % of methanol to a chloroform solution of polymer P1S induces
only a small change in photoluminescence spectra, just a reduction of the shoulder
at longer wavelength.
xxiiiStokes shift is the difference (in wavelength or frequency units) between positions of
the band maxima of the absorption and emission spectra (fluorescence and Raman being two
examples) of the same electronic transition. (Wikipedia)
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Figure 2.19: Photoluminescence of P2S in chloroform-methanol mixtures. Concen-
tration 137 mg L−1.
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Figure 2.20: Comparison of photoluminescence of P2 and P2S in chloroform-
methanol mixtures. Spectra are not rescaled, concentration is
137 mg L−1 for both P2 and P2S.
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Adding 25 %, 50 %, 70 % of methanol to a chloroform solution of P2 resulted
in a progressive quenching of photoluminescence, both for the main emission peak
and of the shoulder (see Figure 2.18). Measuring again these samples after an
hour resulted in a diminished fluorescence (approximately of 10 - 25 %) maybe
due the greater degree of ordering reached by the aggregates. The absence of a
strong quenching of photoluminescence indicates the presence of non well-packed
chains.
In every spectra the position of the peaks is unvaried compared with photo-
luminescence of polymer in chloroform, but the relative intensity of the main peak
and the shoulder varies. Adding methanol both peak show a decreased intensity
but the quenching of the higher energy peak is more important than for the shoul-
der. In 70 % of methanol the two peaks from P2 have the same fluorescence
intensity.
P2S in a mixture of chloroform with 25 % methanol gives a fluorescence spectra
identical to P2 in 25 % methanol. The further addition of methanol to solutions
of P2S (see Figure 2.19) has a rather different effect: a dramatic quenching of
fluorescence and a strong red-shift of the emission. This behavior can be noted
also from Figure 2.17 where P2S is illuminated with a common 365 nm lamp. In
Figure 2.20 is reported a comparison between PL of P2 and P2S at high methanol
percents. The new peak at long wavelengths could be assigned to aggregated
species, it was not distinguishable in the previous spectra because of the more
intense emission of non aggregated chains. The non enantiopurity of P2 can be
regarded as a degree of disorder that can interfere with the ordering needed for
the formation of aggregates.
In Solid State
Up to now no measurement of photoluminescence on thin film was performed
because of their very weak stimulated emission.
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Figure 2.21: Circular dichroism of P2 in chloroform-methanol mixtures. Concen-
tration 137 mg L−1, pathlength 1 mm. Molar circular dichroism is re-
ferred to the quantity of thiophene rings; ∆ = θ(mdeg)/(32982 · l(cm) ·
c(mol/L)).
2.3.4 Circular Dichroism Spectroscopy Characterization
In a Good Solvent
Both P2 in tetrahydrofuran and P2S in chloroform showed a non zero circular
dichroism signal. The signal is extremely weak but we can recognize a bisignate
peak with the inflection point located around the UV–vis main absorption peak.
These signals may recall a positive bisignate circular dichroism couplet (the sign
of a bisignate couplet is defined as the sign of the long wavelength part of this
couplet; the bisignate peak inflection point and amplitude were obtained fitting
the peak with a sine waveform, see page 74).
In Mixtures of Good and Poor Solvents
In chloroform-methanol mixtures, P1S showed at first (100 % chloroform) a di-
chroic monosignate negative peak in the region of the main UV–vis absorption,
then increasing methanol content, a bisignate peak appeared.
This positive bisignate circular dichroism couplet, that is what we detect for
all our polymers in the aggregated form, could rise from intramolecular or inter-
molecular interactions. Referring to the latter case a positive couplet is reported as
being produced by two close identical chromophores with a right handed relative
orientation,112 this is confirmed by experiments on oligothiophene with a known
relative orientation.115
In contrast with measurement on P1S, P2 doesn’t show any monosignate
circular dichroism (CD) peak. As shown in Figure 2.21, adding 30 % of methanol
to a chloroform solution generates only an extremely weak bisignate signal at first
(amplitude 0.5 mdeg), but it was sufficient to wait half an hour to see a clear
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Table 2.6: UV–vis and CD data of P2 and P2S solutions.
processing
UV-vis
peak
(nm)
CD
inflection
(nm)
CD
amplitude
(mdeg)
molar
circular
dichroism
(∆,
m−1 cm−1)
P2
CHCl3 solution 446 0 0
THF solution 450
CHCl3 70% MeOH 30% 446 ≈ 460 0.5 0.2
CHCl3 70% MeOH 30% 30 min ≈ 446 457 1 0.4
CHCl3 50% MeOH 50% ≈ 466 459 7.7 3.1
CHCl3 40% CH3CN 60% ≈ 469 454 2.3 0.9
CHCl3 30% CH3CN 70% ≈ 469 460 4.8 1.9
CHCl3 20% CH3CN 80% ≈ 469 460 4.8 1.9
CHCl3 10% CH3CN 90% ≈ 470 460 4.1 1.7
THF 60% CH3CN 40% ≈ 466 458 5.2 2.1
THF 50% CH3CN 50% 469 458 4 1.6
THF 50% CH3CN 50% 274 mg/L 466 458 11.4 2.3
THF 50% CH3CN 50% 548 mg/L 469 459 26.2 2.6
THF 40% CH3CN 60% ≈ 468 456 2.8 1.1
THF 20% CH3CN 80% ≈ 470 459 3 1.2
P2S
CHCl3 solution 444 0 0
CHCl3 70% MeOH 30% ≈ 443 0 0
CHCl3 70% MeOH 30% 10 min ≈ 447 441 6.1 2.5
CHCl3 70% MeOH 30% 30 min 443 445 3.5 1.4
CHCl3 70% MeOH 30% 1 d ≈ 443 443 22.9 9.4
CHCl3 60% MeOH 40% 459 456 13.8 5.5
CHCl3 50% MeOH 50% 461 457 15.6 6.4
CHCl3 40% MeOH 60% 462 456 19.6 7.9
CHCl3 30% MeOH 70% 462 456 24 9.7
CHCl3 40% CH3CN 60% 467 458 7.3 2.9
CHCl3 30% CH3CN 70% 465 458 12.4 5.0
CHCl3 20% CH3CN 80% 467 459 10.1 4.1
CHCl3 10% CH3CN 90% 469 459 6.5 2.6
THF 60% CH3CN 40% ≈ 466 457 6.4 2.6
THF 50% CH3CN 50% ≈ 468 457 5.5 2.2
THF 40% CH3CN 60% ≈ 467 457 7.0 2.8
THF 20% CH3CN 80 % ≈ 467 458 8.2 3.3
Where not specified a 137 mg L−1 concentration was used.
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Figure 2.22: Circular dichroism of P2 in chloroform-acetonitrile mixtures. Concen-
tration 137 mg L−1, pathlength 1 mm.
dichroic signal rising. Adding more methanol resulted in strong enhancement of
circular dichroism. Looking at the bisignate couplet inflection points and UV–vis
peak wavelengths we notice no variation in inflection points (457 nm for MeOH
30 % 30 min, 459 nm for MeOH 50 %) while a 20 nm red shift is observed in UV–
vis spectra. All the significant numeric data for UV–vis and CD characterization
in solution are reported in Table 2.6.
In chloroform-acetonitrile mixtures passing from 60 % to 70 % of non solvent a
clear shift of the bisignate couplet from P2 was noticed (454 nm→ 460 nm) joined
with an increase of CD intensity. Adding more non solvent the signal remains
quite the same (see Figure 2.22). During this addition the UV–vis spectra remains
almost unchanged (see Table 2.6). Interesting is the presence of a monosignate
peak in correspondence with the UV–vis signal at 270 nm, likely related to non
conjugated rings absorption (see page 38).
In order to discern if the interactions responsible of the CD signal are intra-
molecular or inter-molecular, the concentration dependence of the CD spectrum of
P2 in tetrahydrofuran-acetonitrile 50 % - 50 % was investigated (see Figure 2.23
and data in Table 2.6). A non linear dependence on concentration was found both
for circular dichroism and for absorption intensities (confirmed by g calculations,
graph reported in appendix). The non linearity of UV–vis absorption is unexplained
but the cooperative effect of the concentration on bisignate couplet amplitude
suggests that the transition occurs inter-molecularly. Increasing the acetonitrile
percent in tetrahydrofuran-acetonitrile mixtures results in a strong decrease of
the CD signal (see Figure 2.23) accompanied by a very small decrease in the UV–
vis absorption peak, this is not unexpected and could be related to an extensive
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Figure 2.23: Circular dichroism of P2 in tetrahydrofuran-acetonitrile mixtures.
Where not specified a concentration of 137 mg L−1 was used. Pathlength
1 mm.
aggregation or to a change of the aggregate structure with coincident loss of the
helical structure.109
Adding 20 % of methanol to a chloroform solution of P2S didn’t generate any
CD signal, even after one day. Adding 30 % of methanol resulted at first in a flat CD
spectrum, waiting 10 min a 6 mdeg CD signal centered at 441 nm (inflection point of
the bisignate couplet) was found (see Figure 2.24 and Table 2.6) accompanied by a
small shift in UV–vis absorption (443→ 447 nm). After waiting 30 min this signal
weakened at about half the intensity and clearly shifted to 445 nm while UV–vis
absorption peak returned on the same wavelength of the first measurement. Finally
after one day the signal was much more intense and centered at 443 nm (inflection
point of the bisignate couplet) with a UV–vis peak at 443 nm. This indicates that
some consecutive conformational changes are taking place in the material, each
producing similar bisignate peak in CD spectra. But the most important concept is
that all these changes in CD spectra are occurring without an extensive aggregation
and planarization that would lead to a strong red shift in UV–vis absorption peak.
When 40 % of methanol is added a 16 nm red shift is observed in the UV–vis main
absorption peak (443→ 459 nm) and an usual bisignate dichroic peak centered at
456 nm (inflection point of the bisignate couplet) is observed. Both the shift in
UV–vis and the shift in CD spectra (check Figure 2.25 and Table 2.6) are indicators
of an extensive aggregation in the sample. This is supported by the quenching of
UV–vis peak at 265 nm passing from 30 % to 40 % methanol (see Figure 2.14,
the peak at 265 nm probably is related to non conjugated thiophene rings, see
page 38). So a very similar dichroic signal can rise from both loosely and closely
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Figure 2.24: Circular dichroism of P2S in chloroform-methanol mixtures. Concen-
tration 137 mg L−1. Pathlength 1 mm.
aggregated chains. Adding more methanol no shifts are observed, only an increase
in CD signal intensity.
P2S in chloroform-acetonitrile mixtures was tested giving the usual bisignate
peak. In these CD measurements we found a maxima for bisignate couplet intensity
at 70 % of acetonitrile (see Table 2.6, this phenomenon is the same observed for
P2 in Figure 2.23); the addition of less or more acetonitrile resulted in a weaker
dichroic signal without a change in UV–vis absorption (for all the samples, the
concentration was fixed to 137 mg L−1). As noticed at page 40, UV–vis main peak
in chloroform-acetonitrile mixtures is ≈ 5 nm red shifted in comparison with peak
from chloroform-methanol mixtures while a smaller shift was observed in CD signal
inflection point.
Peaks positions in UV–vis and CD spectra in tetrahydrofuran-acetonitrile mix-
tures of P2S are similar to spectra in chloroform-acetonitrile (see Table 2.6). The
intensity of the classical bisignate CD peaks vary only to a small extent changing
solvent composition.
Looking to every presented CD spectrum we can notice that the integral of
each bisignate couplet is positive, the inflection point of the peaks was always
located at positive values by ≈ 10 % of the total signal amplitude. This positive-
biased signal can be interpreted as the sum of the conservative bisignate excitonic
couplet and an overlying positive monosignate term. Another feature recognizable
in every spectrum is a shift of a few nanometers (≈ 10 nm) towards high energies
of bisignate couplet inflection point compared to the UV–vis absorption peak. This
could suggest for the birth of CD signal from non well planarized chains.
Comparing the intensities of CD signals, measured at the same concentration
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Figure 2.25: Circular dichroism of P2S in chloroform-methanol mixtures. Concen-
tration 137 mg L−1, pathlength 1 mm.
and solvent mixture, from P2 and P2S in Table 2.6 we can notice that P2S
always shows a higher molar circular dichroism than P2. A mean of the ratio of
intensities show that P2 CD signals are around 50 % less intense than CDs from
P2S. Knowing that the chiral alcohol used for the synthesis of 2 and P2 has an
optical purity of 59 % (optical purity is a good estimation for the enantiomeric
excess) we can affirm that no majority rulexxiv effect can be seen24.
Looking at chiral polythiophenes bearing a side chain with a different number
of carbon atoms in between backbone and (S)-2-methylbutyloxy group we can
notice the odd-even effect.80,72 The odd-even effect indicates an inversion of the
bisignate couplet when changing the chiral center distance by one atom.131
The maximum and minimum measured dissymmetry factors (also known as chi-
ral anisotropy factor) g(λ) = ∆(λ)/(λ) for P2 are≈ 4.7× 10−4 and≈ −3.2× 10−4
respectively at 512 and 412 nm from solution in CHCl3 50 % - MeOH 50 %. For
P2S maximum and minimum g values are ≈ 6.5× 10−4 and ≈ −4.7× 10−4 re-
spectively at 515 and 405 nm. These values are lower but comparable with data
from other similar polythiophenes reported in the literature.106,132,116 This, to-
xxivmajority rules, cooperative effects of the monomer units along the polymer backbone
that results in a nonlinear relation between the specific optical rotation and the enantiomeric
excess of chiral units present in the polymer.
131E. R. Lermo, B. M. W. Langeveld-Voss, R. A. J. Janssen, and E. W. Meijer. “Odd–even
effect in optically active poly(3,4-dialkoxythiophene)”. In: Chemical Communications 9 (1999),
pp. 791–792. doi: 10.1039/a901960j
132F. Andreani, L. Angiolini, D. Caretta, and E. Salatelli. “Synthesis and polymerization
of 3,3”-di[(S)-(+)-2-methylbutyl]-2,2’:5’,2”-terthiophene: a new monomer precursor to chiral re-
gioregular poly(thiophene)”. In: Journal of Materials Chemistry 8.5 (1998), pp. 1109–1111. doi:
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Table 2.7: UV–vis and CD data for P1S, P2 and P2S films on quartz.
polymer processing
UV-vis
peak
(nm)
UV-vis
abs.
CD
inflection
(nm)
CD
amplitude
(mdeg)
P1S
CHCl3 solution 430
CHCl3 50 % - MeOH 50 % ≈ 433
spin 700 rpm from CHCl3 ≈ 462 0.28 449 1.3
in KCl ≈ 464
P2
CHCl3 solution 446
CHCl3 50 % - MeOH 50 % ≈ 466 459
cast from CH2Cl2 ≈ 486 0.29 469 6.6
in KCl ≈ 493
P2S
CHCl3 solution 444
CHCl3 50 % - MeOH 50 % 461 0.76 457 15.6
cast from THF ≈ 473 0.40 463 1.8
cast from CH2Cl2 ≈ 469 0.45 462 4.6
spin 700 rpm from CHCl3 ≈ 476 0.17 468 0.6
spin 700 rpm from THF ≈ 476 0.10 453 0.5
spin 1000 rpm from CHCl3 ≈ 492 0.13 474 0.6
in KCl ≈ 495
UV–vis peak position is approximated due to the huge full width at half
maximum.
gether with the absence of fine structure in CD spectra, suggests that chirality
isn’t coming from intermolecular interactions of well organized structures, rather
these weak CD spectra could be related to intramolecular interactions.
In Solid State
Samples in mixtures of good and poor solvents are a handy way of studying ag-
gregation but the real interest is on the solid state.
Unfortunately obtaining good and homogeneous solid state samples is a time
consuming task and often linear dichroism artifacts are present and interfere with
CD measurement. Only spectra with low distortion by linear dichroism were pre-
sented and in order to further reduce the linear dichroism artifacts, a mean on at
least two different orientations (0° and 90°) was reported in each case. Moreover in
solid state it’s more difficult to obtain reproducible results, due to the dependence
on sample preparation, doping22 and even thermal history.23 All the numeric data
for UV–vis and CD characterization in solid state is reported in Table 2.7.
10.1039/a801593g
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Figure 2.26: Dissymmetry factor g (also known as chiral anisotropy factor) of polymer
P2S in thin film from casting or spin coating. g(λ) = ∆(λ)/(λ).
Measuring circular dichroism of P1S thin film spin coated from a chloroform
solution (700 rpm) we can see a negatively biased bisignate couplet similar to the
CD spectrum obtained from the P1S solution in CHCl3 40 % - MeOH 60 %. The
CD signal from thin film is at shorter wavelength compared to its UV–vis absorption
peak (CD inflection point 449 nm, UV–vis peak ≈ 462 nm, see Table 2.7).
P2 thin film cast from dichloromethane showed a CD signal with dissymmetry
factor g higher than samples in solution. We already noted (at page 41) a 20 nm
red shift in UV–vis peak from CHCl3 50 % - MeOH 50 % mixture to cast film
(466 nm → 486 nm); in CD spectrum a red shift of 10 nm can be observed (459 nm
→ 469 nm).
Many films of P2S were produced, both by casting and spin coating. Both UV–
vis and CD peaks are red shifted comparing each film to each sample in good-poor
solvent mixture. Cast films from tetrahydrofuran and dichloromethane showed
similar UV–vis absorption and CD peak inflection point (see Figure 2.26 and Ta-
ble 2.7) but the film from dichloromethane showed less scattering and a higher
bisignate peak intensity.
Films from spin coating at slow rotational speeds (700 rpm) resulted in similarly
shaped UV–vis spectra while the position of CD signals changes by varying the
deposition solvent (see Table 2.7). Spin coating at higher speed resulted in a
strongly red shifted absorption peak (492 nm) and a consequently red shifted CD
peak inflection point (474 nm). This strong red shift was associated with chain
stretching on quartz substrate due to high rotational speed.
Dipping the spin coated films in pentane induced no change in UV–vis main
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Figure 2.27: Circu-
lar dichroism spectra
of polymers P1S, P2
and P2S in KCl disks.
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peak wavelength (see Section 2.3.2). In the literature this process is reported to
change the CD solubilizing the lateral chains and allowing a reorganization,126,106
but our spectra were influenced only slightly (spectra in appendix).
Then bulk solid polymer samples were used to make KCl disks. These resulted
in poorly dispersed solid giving a huge scattering, nevertheless we can see a weak
CD (see Figure 2.27). Only P2S didn’t show the bisignate couplet, but this can
be related to poor quality of obtained disks.
2.3.5 Thermal Characterization
Differential scanning calorimetry (DSC) characterization was performed. Heating
both polymers P2 and P2S the only observed thermal transition is the fusion at
198 ◦C. By cooling the samples at 10 ◦C min−1 only P2 showed a crystallization
peak at 180 ◦C while P2S didn’t crystallize (DSC curves are reported in appendix).
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Figure 2.28: X-ray diffraction of P1S and P2S as powder, and of P2S as cast film
from synchrotron radiation.
2.3.6 X-ray Crystallography Characterization
In the literature is reported that the replacement of the second methylene group
in the side chain of P3HT by an oxygen atom prohibits a close packing of the
chains.62 In the present case the interdigitation should be further hampered by
the branching of our side chain (which is needed for the introduction of chirality).
Polythiophenes with polyether side groups are reported to be amorphous from
X–ray diffraction (XRD) studies.133
Figure 2.28 shows wide-angle X–ray diffraction (WAXD) patterns of P1S and
P2S in bulk solid and P2S cast from CH2Cl2. The last spectrum was obtained from
synchrotron radiation grazing incidence X–ray diffraction (at 0.5°, the reported
spectra is the in-plane scattering). This thin film was chosen for analysis because
of the high dissymmetry factor g showed. The patterns exhibited an amorphous
halo centered around 21°, more intense for the thin film (this is in part caused
by the quartz substrate) than for bulk solid. Four clear peaks are present in
each XRD spectra, typical peaks of a regioregularly substituted polythiophene well
interdigitated and stacked in lamellae.11,125 The first peak at a lower diffraction
angle of 2θ ≈ 5.4°, shows the distance of the chains in the interdigitation direction
(Miller index (100)), the second and the third (2θ = ≈ 10.5° and 2θ = ≈ 15.5°)
represent second and third-order reflections ((200) and (300)). From these values
using the Bragg’s law we can derive a mean distance of 1.68 nm between chains
133Y. Lin, J. A. Lim, Q. Wei, S. C. B. Mannsfeld, A. L. Briseno, and J. J. Watkins. “Cooper-
ative Assembly of Hydrogen-Bonded Diblock Copolythiophene/Fullerene Blends for Photovoltaic
Devices with Well-Defined Morphologies and Enhanced Stability”. In: Chemistry of Materials
24.3 (Jan. 2012), pp. 622–632. doi: 10.1021/cm203706h
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Figure 2.29: Bidimensional X-ray diffraction of P2S cast from CH2Cl2.
in the interdigitation direction. This value is quite similar to that reported for
polythiophene with an hexyl side group (P3HT).11,125 The fourth peak at ≈ 23.5°
is related to the interlayer pi − pi stacking direction ((020), 0.38 nm). The thin
film was annealed heating up to 100 ◦C and cooling slowly at 1 ◦C min−1. WAXD
analysis showed no difference in the (100) peak before and after annealing (spectra
reported in appendix).
The thin film of P2S cast from CH2Cl2 was analyzed also in two-dimensional
X-ray diffraction (XRD-2D) and the resulting image is reported in Figure 2.29. The
presence of arcs indicates the absence of orientation on quartz substrate.
Solid P2S was analyzed also using small-angle X-ray scattering (SAXS) and no
long range spacing was observed. This information is contrary to the hypothesis of
chirality originating from a large supramolecular assembly made of tilted lamellae
in crystalline solid.20 This is in accordance with the absence of vibronic bands in CD
spectra that should be present if the chirality rises from well ordered structures.
We don’t exclude the presence of a chiral supramolecular organization without
ordered repetition in amorphous domains.
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Figure 2.30: UV–vis spectra of thin films from spin coating of P2S:PC60BM blend at
various rotation speeds (and film thickness). Spinning duration 120 s.
Support soda-lime glass.
Figure 2.31: Testing cell layers
scheme.
2.3.7 Photovoltaic Device Tests
P2S was tested in solar cells in blend with phenyl-C61-butyric acid methyl es-
ter (PC60BM) nanoparticles by the Centre for Hybrid and Organic Solar Energy
(CHOSE) of the University of Rome Tor Vergata. Preliminary results are reported
here, tests on P2 are in course.
The polymer was dissolved in ortho-dichlorobenzene (1 % weight) with PC60BM
in a 1:1 ratio. This solution was used for producing thin films via spin coating.
The rotation speed was varied (500 rpm, 1000 rpm and 1500 rpm) in order to ob-
tain different film thicknesses. UV–vis absorption spectra (and thickness) of the
obtained thin films are reported in Figure 2.30. The obtained thickness were much
smaller than expected, thus we utilized 400 rpm for the cell production, that is
the lower limit needed to obtain an uniform deposition of the film via spin coat-
ing. We can notice an intense absorption peak at λ = 335 nm due to the PC60BM
absorption. The polythiophene absorption peak is located at 455 nm, thus it was
somewhat blue shifted respect to our thin films from spin coating from pure P2S,
this is a reasonable consequence of the disorder introduced with PC60BM.
The structure of the realized cells is reported in Figure 2.31. The utilized archi-
tecture was the direct one, that is: fluorine tin oxide (FTO)/PEDOT:PSS (50 nm)-
/active layer/Ca (20 nm)/Al (100 nm) where FTO is the anode and aluminium is
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Table 2.8: Characteristic parameters of solar cells from polymer-PC60BM blends.
polymer Voc (mV) Jsc (mA cm
−2) FF (%) η (%)
P3HT 0.567± 0.007 −10.8± 0.7 50± 20 3± 1
P2S 0.68± 0.05 −3.2± 0.5 31± 3 0.7± 0.1
the cathode. Refer to experimental section for cell preparation procedure. Eight
cells were produced and a mean of the results is reported here. P3HT:PC60BM was
used in the active layer for reference cells. These reference cells were annealed at
150 ◦C for 10 min while the P2S based cells weren’t annealed.
From results in Table 2.8 we notice that P2S:PC60BM cells under illumina-
tion showed an open circuit voltage Voc of 0.68 mV, higher than that of P3HT
(0.57 mV). This value is in accordance with Zoombelt et al.62 where a similar, but
non branched, polythiophene side group was used. This is caused by the electron
withdrawing effect of the oxygen atom in side chain respect to the methylene in
P3HT. The measured short circuit current density Jsc from P2S was lower than the
current from P3HT. We think that this is caused by worse crystallization due the
presence of branching in side group and by the presence of the oxygen atom, as re-
ported by Zoombelt et al.62 The obtained fill factor (FF) was rather low (31 %) and
the resulting power conversion efficiency η resulted 0.7 % versus and efficiency of
3 % from the reference cells. Considering the high Voc observed this is a promising
candidate for block copolymer synthesis and its use in bulk heterojunction solar
cells active layer.
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2.4 Second Block
Two main approaches are common in the synthesis of diblock copolymers: graft-
ing onto, which means joining two blocks after their polymerization, and grafting
from, which means starting the polymerization of the second block from a ter-
mination of the first block. The grafting onto way allows one to polymerize both
blocks in a clean reaction environment and permits a better characterization of the
single blocks prior to coupling. But in the present case the grafting onto approach
is hampered by the chelating behavior of the poly(4-vinylpyridine) (P4VP) block
that would interfere with the joining reaction. Thus a grafting from approach was
followed, polymerizing the P4VP block starting from an adequately functionalized
end of P2S. Two polythiophene-block -polyvinylpyridine syntheses were already
present in the literature. Lohwasser et al.35 synthesized an alkyne-terminated
polythiophene, then, using a click reaction, they functionalized the alkyne ter-
mination with an initiator for polyvinylpyridine polymerization. We decided to
don’t follow this route because the formation of the alkyne end capper is reported
to produce both mono and di terminated polythiophene chains.59,76 Moreover the
triple bond is sensible to the standard quenching procedure and there are questions
on the efficiency of the click reaction on a triple bond conjugated to a polythio-
phene chain.134 Sary et al.33 synthesized an H/Br terminated polythiophene, then
they employed the halogenated termination to functionalize the polymer with an
aldehyde group. Then the polythiophene-aldehyde was used as a quenching agent
for vinylpyridine anionic polymerization. This route was discarded because of the
strict reaction conditions needed by an anionic polymerization.
For the synthesis of the first polythiophenic block we followed polymerization
methods which were reported producing high yields in H/Br terminated chains.
Then we tried to functionalize the halogenated endings of our polymers with a
boronic ester. We reacted P2S with n-butyllithium in THF at low temperature,
then we added 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane in order to
produce a pinacol ester of the polythiophene boronic acid. Although trying thrice
this functionalization with different n-butyllithium quantities, we didn’t get the
boron atom bonded to the polymer (this was confirmed by FTIR, 1H-NMR and
13C-NMR spectroscopies and later by MALDI–TOF MS).
So we followed a procedure similar to the strategy from Sary et al.33 but avoid-
ing the anionic polymerization. In the first step we functionalized the polymer
P2S on the halogenated sites using a Suzuki coupling. The functionalizing group
was chosen as a dithiophene bearing a boronic acid group and a formyl group.
We preferred using a thiophenic end capper because the similarity of its electronic
levels to the levels of the rest of the chain should avoid the possible charge trap-
ping on the end capper. Then this aldehyde-terminated chiral polythiophene was
134M. Urien, H. Erothu, E. Cloutet, R. C. Hiorns, L. Vignau, and H. Cramail. “Poly(3-
hexylthiophene) Based Block Copolymers Prepared by “Click” Chemistry”. In: Macromolecules
41.19 (Oct. 2008), pp. 7033–7040. doi: 10.1021/ma800659a
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Figure 2.32: N-tert-butyl-N -(2-methyl-1-phenylpropyl)-O-(1-(4-bromophenyl)-
ethyl)hydroxylamine (BrPhEt-TIPNO) 5 synthesis.
reacted with the lithium activated polymerization initiator. Finally a poly(4-vinyl-
pyridine) block was polymerized starting from this group.
2.4.1 Radical Mediator Synthesis and Characterization
The polymerization of P4VP was a living radical polymerization mediated by the
2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO) radical.135 This radical
is a commercial product but we need to build an initiator molecule (containing the
radical) suitable to be attached on a polythiophene end. We synthesized N-tert-
butyl-N -(2-methyl-1-phenylpropyl)-O-(1-(4-bromophenyl)ethyl)hydroxylamine (BrPhEt-
TIPNO) 5 which will be lithiated on the bromine atom for the linking to an
aldehyde-terminated polythiophene.
As shown in Figure 2.32 we started reducing 4-bromoacetophenone to 1-(4-
bromophenyl)ethanol 3 via a simple reaction with sodium borohydride.136 Then
we brominated137 1-(4-bromophenyl)ethanol 3 with phosphorus tribromide (PBr3)
135B. G. G. Lohmeijer and U. S. Schubert. “The LEGO toolbox: Supramolecular building
blocks by nitroxide-mediated controlled radical polymerization”. In: Journal of Polymer Science
Part A: Polymer Chemistry 43.24 (Dec. 2005), pp. 6331–6344. doi: 10.1002/pola.20967
136C. Wiles, P. Watts, and S. J. Haswell. “Clean and selective oxidation of aromatic alcohols
using silica-supported Jones’ reagent in a pressure-driven flow reactor”. In: Tetrahedron Letters
47.30 (July 2006), pp. 5261–5264. doi: 10.1016/j.tetlet.2006.05.157
137U. Stalmach, B. de Boer, A. D. Post, P. F. van Hutten, and G. Hadziioannou. “Synthesis
of a Conjugated Macromolecular Initiator for Nitroxide-Mediated Free Radical Polymerization”.
In: Angewandte Chemie 113.2 (Jan. 2001), pp. 442–444. doi: 10.1002/1521-3757(20010119)
113:2<442::AID-ANGE442>3.0.CO;2-R
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Figure 2.33: End-functionalization of polythiophene with aldehyde using a Suzuki
reaction.
obtaining a mixture of 1-bromo-4-(1-bromoethyl)benzene 4 and 4-bromostyrene.
This mixture was reacted with TIPNO radical in a copper(I) catalyzed coupling.138
The purification was carried on basic allumina (in order to avoid the evenience of
a breaking of the nitroxyde group on the slightly acid silica).
The resulting product was characterized with poor results using GC–MS with
a modified on purpose method (injector and transfer line temperatures were low-
ered), then the structure was confirmed by 1H-NMR, the assignation is reported in
experimental section and the spectra is reported in appendix.
2.4.2 Functionalization of Polythiophene with Radical Me-
diator
The polythiophene P2S was functionalized with an aldehyde group via palladium
catalyzed Suzuki coupling with B-(5’-formyl[2,2’-bithiophen]5-yl)boronic acid, as
schematized in Figure 2.33. We followed a procedure reported in literature139,140
but with a significant variation: we substituted the tetrakis(triphenylphosphine)-
palladium(0) (Pd(PPh3)4) catalyst with the more stable bis(triphenylphosphine)-
palladium(II) dichloride (Pd(PPh3)2Cl2). We found (in a test reaction involving a
low molecular weight halogenated thiophene) that this convenient catalyst works
for our coupling. The functionalized polymer P2SA was purified via precipitation,
washing and redissolved in various solvents. The presence of an aldehyde group
was confirmed by FTIR spectroscopy and 1H-NMR (in TCE-d2) by the appearance
of a peak at 9.80 ppm attributable to carbonylic proton.
138D. Benoit, V. Chaplinski, R. Braslau, and C. J. Hawker. “Development of a Universal
Alkoxyamine for “Living” Free Radical Polymerizations”. In: Journal of the American Chemical
Society 121.16 (Apr. 1999), pp. 3904–3920. doi: 10.1021/ja984013c
139W. Zhang, G. M. Ng, H. L. Tam, M. S. Wong, and F. Zhu. “Synthesis and photovoltaic
properties of functional dendritic oligothiophenes”. In: Journal of Polymer Science Part A:
Polymer Chemistry 49.8 (Apr. 2011), pp. 1865–1873. doi: 10.1002/pola.24613
140I. Imae, D. Tokita, Y. Ooyama, K. Komaguchi, J. Ohshita, and Y. Harima. “Olig-
othiophenes incorporated in a polysilsesquioxane network: application to tunable transparent
conductive films”. In: Journal of Materials Chemistry 22.32 (2012), p. 16407. doi: 10.1039/
c2jm32259e
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Figure 2.34: Functionalization of polythiophene-aldehyde P2SA with BrPhEt-TIPNO
5 obtaining the macroinitiator P2ST.
Then the BrPhEt-TIPNO 5 was lithiated with one equivalent of n-buthyllithium
in THF and poured in well dissolved (in THF at 50 ◦C) polythiophene-aldehyde
P2SA obtaining the macroinitiator polythiophene-TIPNO P2ST. The reaction
yield was estimated from the decrease of the aldehyde peak in 1H-NMR spectrum
and resulted ≈ 90 % (see spectra in appendix, also new peaks in aromatic region
can be noticed). The lithiation completeness was verified by quenching with water
an aliquot of lithium activated BrPhEt-TIPNO, the GC–MS analysis showed the
absence of brominated compounds.
2.4.3 Second Block Synthesis and Characterization
Nitroxide-mediated radical polymerization (NMRP) polymerization of vinylpyridine
was performed following procedure from Lohwasser et al.35 The radical polymer-
ization was initiated by heating at 125 ◦C the solution of macroinitiator P2ST in
ortho-dichlorobenzene containing 4-vinylpyridine in a molar ratio of 1:3000 with
addition of free radical TIPNO (enhances the control on the polymerization). The
polymerization was run for 4 h. The molar ratio and the duration were modified
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Figure 2.35: NMRP polymerization of P4VP starting from macroinitiator P2ST and
obtaining block copolymer P2S-PVP.
with respect to the reference article in order to reduce the formation of P4VP homo-
polymer. Then the reaction was cooled down, diluted in chloroform and poured in
hexane. Hexane is a poor solvent for both polythiophene and polyvinylpyridine,
thus the solid was filtered and recovered in chloroform, that is a good solvent for
both blocks. The chloroform solution was poured again in methanol, that is a good
solvent only for polyvinylpyridine block. 1H-NMR characterization of this methanol
fraction showed the presence of vinylpyridine homopolymers and small molecules,
no peaks for thiophenic units. The solid was filtered and washed with hot toluene
(70 ◦C) that is a good solvent (at room temperature is poor) for the polythiophene
block only. With 1H-NMR we verified the absence of polyvinylpyridine aromatic
peaks looking both for aromatic and aliphatic protons (spectra with expansions in
appendix). The remaining solid was recovered in chloroform obtaining the block
copolymer P2S-PVP. 1H-NMR analysis on this fraction, reported in Figure 2.36,
showed the presence of broad aromatic (8.26 ppm and 6.35 ppm in TCE-d2) and
aliphatic (0.83 ppm and 0.79 ppm in TCE-d2) peaks assigned to a short block of
polyvinylpyridine together with the usual peaks from polythiophene block. Com-
paring with NMR spectrum from P2ST we can notice also variations in peaks
around 7.4 ppm that are related to the TIPNO group. A confirmation of the removal
of unreacted thiophenic homopolymer come from an aldehydic 1H-NMR peak: The
impurities of unreacted polythiophene-aldehyde P2SA (in the functionalization re-
action with lithiated BrPhEt-TIPNO 5) can’t work as a macroinitiator for a P4VP
block, the fact that in the toluene fraction we can see an aldehyde NMR peak at
9.80 ppm that is 5 times more intense than the corresponding peak in the purified
fraction means that the majority of homopolymer was washed in hot toluene.
The purification procedure reported by the reference article35 was more complex
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Figure 2.36: 1H-NMR (600 MHz) of polythiophene-polyvinylpyridine P2S-PVP in
TCE-d2.
and not suitable for small quantities (we worked with less than 20 mg of product).
Indeed our simpler purification method was effective. The relative quantity of
pyridine rings can be estimated by integration of aromatic protons, from this
calculation results that for every pyridine ring there are 5 thiophene rings, thus
around 10 pyridine rings per polythiophene chain. The length of this block is
inferior to that reported from similar syntheses.35,37
Preliminary optical characterizations were performed on the new diblock copoly-
mer P2S-PVP. UV–vis spectroscopy in chloroform showed a spectra similar to
P2S but the intensity was halved, maybe due the presence of P4VP (or due to
non proper drying). Adding 40 % methanol to a chloroform solution resulted in a
12 nm red shift in main UV–vis peak, related to a polythiophene pi−pi∗ transition.
With additional 10 % of methanol resulted in a further red shift of 10 nm (see
data in Table 2.9). We don’t observe the usual quenching of the peak at 260 nm
because in that region there’s also the main absorption peak of pyridine.
Comparing CD spectra in chloroform-methanol solutions of P2S-PVP with
spectra from P2S we can observe some differences. With P2S, up to 30 % of
methanol no CD signal can be observed but waiting one day, P2S in 30 % of
methanol showed a very intense bisignate couplet (see Figure 2.24) while P2S-
PVP showed only an extremely weak signal in the same conditions. Adding more
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Table 2.9: UV–vis and CD data of P2S-PVP solutions. Concentration 137 mg L−1.
Pathlength 1 mm.
processing
UV-vis
peak
(nm)
CD
inflection
(nm)
CD
amplitude
(mdeg)
CHCl3 solution 440
CHCl3 80 % - MeOH 20 % 438
CHCl3 70 % - MeOH 30 % 440
CHCl3 70 % - MeOH 30 % 1 d 440 ≈ 448 0.36
CHCl3 60 % - MeOH 40 % 452 464 1.4
CHCl3 50 % - MeOH 50 % 462 461 3.2
CHCl3 30 % - MeOH 70 % 464 460 4.7
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Figure 2.37: UV-vis spectra of polymer P2S-PVP in chloroform-methanol mixtures.
Concentration 137 mg L−1. Pathlength 1 mm.
68 CHAPTER 2. SYNTHESIS AND CHARACTERIZATION
250 300 350 400 450 500 550 600
−2
−1
0
1
2
3
Wavelength (nm)
C
ir
cu
la
r
D
ic
h
ro
is
m
(m
d
eg
)
in CHCl3 70 % - MeOH 30 % 1 d
in CHCl3 60 % - MeOH 40 %
in CHCl3 50 % - MeOH 50 %
in CHCl3 30 % - MeOH 70 %
Figure 2.38: Circular dichroism spectra of block copolymer P2S-PVP in chloroform-
methanol solvent mixtures. Concentration 137 mg L−1. Pathlength
1 mm.
methanol resulted in an increase of the CD intensity. Comparing intensities of CD
spectra of P2S-PVP and P2S in similar concentrations of methanol, P2S-PVP
showed an optical activity around 6 times weaker. These differences should be
related to the P4VP block that is soluble both in chloroform and in methanol and
could help the polythiophene block to remain in solution or could interfere with
its supramolecular organization. We hypothesize the formation of direct micelles.
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2.5 Further Studies
Further studies will focus on the origin of the optical activity investigating the
conformation of small aggregates and bulk solid via NMR and probably solid state
NMR. Then we plan to study P2S-PVP to further confirm that it is a block
copolymer rather than a blend of polymers. Then we could use CD spectroscopy
to study the formation of inverse micelles, this study can give useful information
on the intrachain or interchain origin of optical activity. Obviously we plan to
test our diblock copolymer in solar cells active layer and to study improvements of
PC60BM and nanocrystals dispersion before and after an annealing process. We’ll
try to find a suitable matrix for the MALDI–TOF MS analysis of both polythiophene
and polyvinylpyridine, needed for the MALDI–TOF MS characterization of the block
copolymer.
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Chapter 3
Conclusions
We synthesized three chiral polythiophenes using two different enantiomeric ex-
cesses and two different polymerization procedures, exploiting the living chain-
growth polymerization of polythiophenes. Our polythiophenes are unreported in
the literature.
From 1H-NMR, 13C-NMR and NMR-2D we verified a high regioregularity (see
Section 2.2.1). We observed (via SEC analysis) that the addition of LiCl to the
polymerization resulted in a higher polymerization degree but increased also the
polydispersity giving rise to a small amount of dimerization of the growing chain
(see Section 2.2.2). The higher weight was confirmed by UV–vis and FTIR spectro-
scopies and by SEC/MALDI–TOF MS. Furthermore from MALDI–TOF MS we saw that
our polymers have various terminating groups, conversely to the results reported
in the literature for well-defined polythiophenes (see Section 2.2.3).
The chiral center, incorporated in the side groups, allowed us to perform a chi-
roptical study on the polymers in solution, in thin film and in solid powder state.
The aggregation behavior in good-poor solvent mixtures and the supramolecular
structure of these polymers were studied by means of UV–vis absorption, emission
(PL) and circular dichroism (CD) spectroscopy. From PL in good-poor solvents we
can clearly notice differences between enantiopure and enantioenriched polymers
(see Section 2.3.3). The CD results indicate the presence of more than one aggrega-
tion morphology, giving rise to similar CD signals. Measuring the CD intensity at
various polymer concentrations we noticed a small nonlinearity which could be re-
lated to a multichain event (see page 50). Comparing the circular dichroism from
enantiopure and from enantioenriched polymers we have verified that majority-
rules effect is not present or it’s too weak to be observed in our data (see page 52).
The solid state structure was investigated by means of XRD and XRD-2D showing
the presence of both amorphous domains and crystallized domains with the char-
acteristic distances of an interdigitated regioregular poly(3-alkylthiophene) (see
Section 2.3.6). No long range repeating structure was observed using SAXS. Hence
we tend to exclude the presence of large crystalline domains with a small tilt be-
tween lamellae giving rise to circular dichroism. More likely there is some extent
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of chiral structuring in amorphous regions.
The longest enantiopure polymer was employed in the active layer of a solar cell
as donor material in blend with PC60BM. Preliminary results show an open-circuit
voltage Voc higher than for the standard P3HT:PC60BM blend (see Section 2.3.7).
This is caused by the electron withdrawing effect of the oxygen in the side chain
of our polymer.
Starting from the halogenated chain terminations we followed a novel conve-
nient strategy to functionalize our higher weight enantiopure polythiophene P2S
with BrPhEt-TIPNO, a nitroxide-mediated radical polymerization (NMRP) initiator
and mediator. Then a short poly(4-vinylpyridine) (P4VP) block was polymerized
obtaining an amphiphilic diblock copolymer (see Section 2.4.3). 1H-NMR character-
ization of properly purified material confirms the formation of a block copolymer
and allows us to determine the amount of inserted 4-vinylpyridine. In spite of
the smallness of the P4VP, an effect can be observed in the preliminary CD stud-
ies on aggregation from good-poor solvent mixtures. The coordinating property
of P4VP block with respect to PC60BM or semiconducting nanocrystals can allow
one to obtain a bicontinuous pathway in a stable nanosegregated active layer of
a polymeric solar cell. Thus the present approach can unlock the possibility to
characterize by circular dichroism spectroscopy the active layer of a stable bulk
heterojunction solar cell. To the best of our knowledge we present here the first
“chiral thiophene-non thiophene” copolymer.
Chapter 4
Experimental Section
4.1 Materials and Methods
All chemicals were purchased from Sigma-Aldrich and used without further pu-
rification, except: tetrahydrofuran and diethyl ether used in the syntheses were dis-
tilled on potassium and benzophenone under nitrogen atmosphere; B-(5’-formyl[2,2’-
bithiophen]5-yl)boronic acid was purchased from Tokyo Chemical Industry (TCI)
and purified on a 3 cm silica gel column washing with dichloromethane and recov-
ering with ethyl acetate; scalemic 2-methyl-1-butanol was purchased from Merck-
Schuchardt and distilled under reduced pressure prior use.
All manipulations involving air-sensitive reagents or dry solvents were per-
formed under an atmosphere of dry, filtered nitrogen.
Thin layer chromatographies were performed using glass supported silica gel.
For flash chromatographies silica gel Merck 60 (0.04-0.06 mm, flash) was used.
Deoxygenated sodium carbonate aqueous solution was prepared by bubbling
nitrogen in distilled water and after that sodium carbonate was added to obtain a
1m solution.
Degassed ortho-dichlorobenzene was bubbled with nitrogen and passed through
three freeze-pump-thaw cycles.
Glassware used for reactions in nitrogen atmosphere were passed through three
cycles of vacuum by mechanical pump, heating with heating gun and filling with
nitrogen.
Common impurities found in tetrachloroethane-d2 used in NMR analysis:
1H-
NMR δ (ppm) 0.03 (s), 1.20 (s), 2.10 (s), 3.64 (dd), 5.14 (q); 13C-NMR δ (ppm)
29.62, 73.80 (t, solvent peak), 74.06 (s, solvent peak), 120.20.
KCl disks for UV–vis and CD analysis were prepared grinding the solid in a
mortar and consolidated with a press.
Samples for photoluminescence measurements were prepared diluting with ad-
equate amounts of methanol and chloroform a concentrated solution of the desired
polymer in chloroform. After 20 min samples were analyzed using in a glass cu-
vette. Some samples were measured again after further 40 min.
Ilario Gelmetti Synthesis and Characterization of Chiral Polythiophenes 73
74 CHAPTER 4. EXPERIMENTAL SECTION
4.2 Instrumentation
Fourier transform infrared spectroscopy (FTIR) spectra were recorded using a
Bruker FTIR Tensor 27 spectrometer, samples were prepared as thin films cast
on KBr disk. Abbreviations used in reported spectra are: symm. (symmetrical),
antisymm. (antisymmetrical), deform. (deformation), degen. (degenerate), arom.
(aromatic).
Ultraviolet–visible (UV–vis ) spectra were recorded using using Jasco V-650
spectrophotometer and 1 mm path length quartz cuvette.
Circular dichroism (CD) spectra were recorded using Jasco J-710 and a spectral
window from 230 nm to 600 nm. Each measurement is repeated at least four times
and a mean is reported. For measurements on films or solid a mean between
various orientations of the substrate was reported, this helped to reduce artifacts
from linear dichroism. Measurements on solutions were recorded using a 1 mm path
length quartz cuvette. For estimating bisignate CD peaks’ center and amplitude
the peaks were fitted with a sine waveform (CD = A+Bsin(C(wavelength−D)))
using the Gnuplot software and considering only data points between 400 and
500 nm.
Spectra from gas chromatography–mass spectrometry (GC–MS) were recorded
using GC Agilent 7890A combined with detector Agilent 5975C MSD and electron
ionization source.
Differential scanning calorimetry (DSC) analysis were accomplished using a
Perkin Elmer Differential Scanning Calorimeter Pyris 1 instrument in absence of
oxygen. Heating rate: 20 ◦C min−1, cooling rate: 10 ◦C min−1.
Photoluminescence (PL) spectra were collected with a setup consisting of Osram
XBO 450 W xenon lamp followed by a Jobin Yvon Horiba Gemini 180 monochro-
mator, used for excitation wavelength selection, and a Spex 270M monochromator
combined with CCD, employed as a detector. The spectra were corrected for the
instrument response functions.
Nuclear magnetic resonance (NMR) spectra were collected at room temper-
ature in 1,2-dideutero-1,1,2,2-tetrachloroethane (TCE-d2) and deuterated chloro-
form (CDCl3) at the NMR facility in ISMAC-CNR, Milan. All chemical shifts are
reported in the standard δ notation of parts per million (ppm) using the peak of
residual proton and carbon signals of CDCl3 (δ1H = 7.26, δ13C = 77.16) and TCE-d2
(δ1H = 5.94, δ13C = 73.80) as internal reference.
Size exclusion chromatography (SEC) measurements in Milan were performed
using a GPCV 2000 pump and polystyrene standards. For measurements in chlo-
roform at 35 ◦C two columns PLgel Mixed C (5µm particle size) Polymer Labora-
tories were used with a flux of 0.8 mL min−1 and an injection volume of 218.5 µL.
Two detectors were used: a UV–vis photodiode array DRI996 and a differential
refractive index detector DRI2414. For measurements in ortho-dichlorobenzene at
145 ◦C three columns PLgel Olexis Polymer Laboratories were used with a flux of
0.8 mL min−1 and an injection volume of 218.5 µL. Two detectors were used: a
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differential viscometer and a differential refractive index detector DRI2414.
In SEC measurements in Catania as a first step, relative averages (Mn, Mw, Mz)
and polydispersity index (PDI = Mw/Mn) of all polymers were determined by a
conventional size exclusion chromatography system calibrated toward polystyrene
standards, using tetrahydrofuran as mobile phase, 0.8 mL min−1 of flow rate and a
temperature of 35 ◦C. The conventional chromatographic system consisted of an
integrated Alliance 2695 chromatographic system (degasser, pump and injector)
from Waters (Milford, MA, USA) and a 2414 differential refractometer (DRI) used
as concentration detector. The column set was composed of two PLgel Mixed C
columns (5 µm of particle size) from Polymer Laboratories (Shropshire, UK).
Matrix-assisted laser desorption-ionization–time-of-flight mass spectrometry (MALDI–
TOF MS) were recorded in the Institute of Chemistry and Technology of Poly-
mers (ICTP-CNR, Catania) in reflector or linear delayed extraction mode, using a
Voyager-DE STR instrument (Perseptive Biosystem) mass spectrometer, equipped
with a nitrogen laser (λ = 337 nm, pulse width = 3 ns), working in a positive ion
mode. The accelerating voltage was 20 kV, grid voltage and delay time (delayed
extraction, time lag), were optimized for each sample to achieve the higher mass
resolution (M/∆M). Laser irradiance was maintained slightly above threshold.
α-Cyano-4-hydroxycinnamic acid and 1,8-dihydroxy-9,10-dihydroanthracen-9-one
(dithranol) 0.1m in THF were used as matrices. Then 1 mL of each analyte/matrix
mixture was spotted on the MALDI sample holder and slowly dried to allow ana-
lyte/matrix co-crystallization.
In SEC/MALDI–TOF MS combined analysis 1 mL fractions of each selected con-
centrated SEC solutions was mixed with 1 mL or 3 mL of the matrix solution (trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile, DCTB). Then, the
same procedure used for the MALDI–TOF MS analyses of the polydisperse polythio-
phene sample was followed.
The wide-angle X–ray diffraction (WAXD or XRD) data were obtained at 25 ◦C
using a Siemens D-500 diffractometer equipped with a Siemens FK 60-10 2000 W
tube (Cu Ka radiation, λ = 0.154 nm). The operating voltage and current were
40 kV and 40 mA, respectively. The data were collected from 2θ = 3° to 30° at
0.05° intervals. Small-angle X-ray scattering (SAXS) measurements were conducted
at 25 ◦C with a Kratky Compact Camera. Monochromatized Cu Ka radiation (λ =
0.154 nm) was supplied by a stabilized Siemens Krystalloflex 710 generator and a
Siemens FK 60-04, 1500 W Cu target tube operated at 40 kV and 30 mA.
Two-dimensional X-ray diffraction (XRD-2D) spectrum was recorded at Electra
- Sincrotrone Trieste synchrotron radiation facility in Trieste.
Spin coating were performed using Electron mec PRS 5V spinner.
Annealing was performed using Mettler FP5 melting point apparatus.
Tests in solar cells were performed in Centre for Hybrid and Organic Solar
Energy (CHOSE) of the University of Rome Tor Vergata. The photovoltaic de-
vices were realized on FTO-coated soda-lime glass substrate (Pilkington, ≈ 8 Ω/)
patterned by wet etching. Glass/FTO substrates were cleaned by ultrasonic bath
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with acetone and isopropyl alcohol (15 min each step). PEDOT:PSS (VPAI4083,
Clevios) was spin coated in a glove box at 5000 rpm for 60 s and thermally treated
at 150 ◦C for 10 min. The active layer was spin coated at 400 rpm for 120 s and
then dried by slow evaporation in nitrogen atmosphere. Calcium (Ca) was evap-
orated on active layer in high vacuum (1× 10−6 mbar) at 0.06 nm s−1. Finally,
a aluminum layer of 100 nm was thermally evaporated as electrode in high vac-
uum at 0.1 nm s−1. A shadow mask was used in order to define the active area
of the solar cells. The thickness of the as-deposited films was measured with a
profilometer (Dektak 150 ); transmittances of films were acquired by a UV-vis-NIR
spectrophotometer (Shimadzu UV2550 ). Electrical performance of the devices was
evaluated outside the glove box under a solar simulator KHS Solar Constant 1200
AM1.5 Class B (100 mW cm−2) with a parameter analyzer (Agilent E5291A); for
the measurements, we used a shadow mask to avoid performance contributions
outside the active area.
The utilized cheminformatics resources were: OpenEnventory for laboratory re-
port and chemicals inventory, OpenEnventory 2013-05-21 (www.open-enventory.
de); Gaussian for computations, Gaussian 09, Revision C.01 (www.gaussian.
com); OpenChrom for analyzing GC–MS data, OpenChrom 0.8.0 (www.openchrom.
net); MarvinSketch for drawing chemical structures and reactions, MarvinSketch
6.0.2 b97, 2013, ChemAxon (www.chemaxon.com); Mendeley for literature man-
agement, Mendeley Desktop 1.10.1 (www.mendeley.com); LATEX for writing this
thesis, TeX Live 2013 (www.tug.org/texlive); Debian Linux the universal op-
erating system, Debian Linux Jessie/Sid (www.debian.org); laptop for writing
and computations, Acer Extensa 5220, Intel® Core2 Duo CPU T7700 2.40 GHz,
RAM memory 3 GiB. All the images (except the logo of Pisa university) were
made on purpose for this thesis.
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4.3 Synthesis of Monomers
4.3.1 2-bromo-3-[(2-methylbutyloxy)methyl]thiophene (1)
Etherification of 2-bromo-3-(bromomethyl)thiophene
with 2-methyl-1-butanol
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2-methyl-1-butanol (0.26 mL, 210 mg, 2.4 mmol) distilled on calcium oxide was dis-
solved in dry tetrahydrofuran (6 mL) in a Schlenk tube under nitrogen atmosphere.
The reaction was cooled to 0 ◦C and sodium hydride (55 mg, 2.3 mmol) was added
in portions. After stirring at room temperature for 30 min the reaction was cooled
to 0 ◦C and 2-bromo-3-(bromomethyl)thiophene (0.26 mL, 510 mg, 2 mmol) was
added. The reaction mixture was stirred for 40 min at 0 ◦C, then at room temper-
ature overnight. The reaction was quenched by adding water and extracted with
dichloromethane (3 × 8 mL). Organic fractions were washed with water and pu-
rified through flash column chromatography (silica gel, heptane:dichloromethane
4:1, dry deposition) obtaining 2-bromo-3-[(2-methylbutyloxy)methyl]thiophene 1
as a colorless oil (348.7 mg, yield 66 %, GC–MS pure).
GC–MS (EI): 262, 264 (M+), 174.9, 176.9 (M+−OC5H11), 113.0 (M+−C5H11−Br +
H), 97.0 (M+−OC5H11−Br + H).
4.3.2 2-bromo-3-[((S)-2-methylbutyloxy)methyl]thiophene (1S)
Etherification of 2-bromo-3-(bromomethyl)thiophene
with (S)-2-methyl-1-butanol
The synthetic procedure for 2-bromo-3-[(2-methylbutyloxy)methyl]thiophene 1 was
followed using 2-bromo-3-(bromomethyl)thiophene (0.67 mL, 1.3 g, 5.2 mmol), (S)-
2-methyl-1-butanol (without further purification, 0.704 mL, 0.577 g, 6.54 mmol),
sodium hydride (0.140 g, 5.82 mmol) and tetrahydrofuran (15 mL). The crude
product was extracted with dichloromethane and water, then was purified by silica
gel column chromatography (hexane:chloroform 4:1) affording 2-bromo-3-[((S)-2-
methylbutyloxy)methyl]thiophene 1S as a colorless oil (0.959 g, yield 71 %, GC–MS
pure).
GC–MS (EI): 262, 264 (M+), 174.9, 176.9 (M+−OC5H11), 113.0 (M+−C5H11−Br +
H), 97.0 (M+−OC5H11−Br + H).
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4.3.3 2-bromo-5-iodo-3-[(2-methylbutyloxy)methyl]thiophene
(2)
Iodination of 2-bromo-3-[(2-methylbutyloxy)methyl]-
thiophene
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In a Schlenk tube 2-bromo-3-[(2-methylbutyloxy)methyl]thiophene 1S (349 mg,
1.32 mmol) was dried with mechanical pump and kept under nitrogen atmosphere.
Dichloromethane (3 mL, degassed by bubbling nitrogen) was added and the flask
was cooled to 0 ◦C. Iodine (219 mg, 0.864 mmol) and iodobenzene diacetate (PhI(OAc)2,
255 mg, 0.79 mmol) were added and the reaction was stirred at 0 ◦C for 4 h. The
reaction was quenched with saturated aqueous sodium thiosulfate (5 mL) keeping
the temperature at 0 ◦C. Then was extracted with dichloromethane (4 × 10 mL)
and the organic fractions were washed with water. The product was purified by
a flash chromatography on silica gel (hexane:chloroform 9:1, dry deposition). The
selected fractions were concentrated and purified through a second flash column
chromatography (hexane:ethylacetate 69:1, dry deposition) to obtain a pale yel-
low oil (484.6 mg). GC–MS analysis on the obtained oil showed the presence of the
desired product 2-bromo-5-iodo-3-[(2-methylbutyloxy)methyl]thiophene 2 (94 %
in oil, 93 % overall yield) together with an impurity of 2-bromo-4,5-diiodo-3-[(2-
methylbutyloxy)methyl]thiophene (6 % in oil).
1H-NMR (600 MHz, TCE-d2) δ (ppm) 7.13 (s, 1H, arom. H), 4.31 (s, 2H, CCH2O),
3.26 (dd, J = 9.1 Hz (geminal), 6.3 Hz, 1H, OCH2CH), 3.17 (dd, J = 8.9 Hz (gem-
inal), 7.0 Hz, 1H, OCH2CH), 1.61 (m, 1H, OCH2CH), 1.40 (m, 1H, OCH2CHCH2),
1.09 (m, 1H, OCH2CHCH2), 0.85 (d, J = 6.6 Hz, 3H, CHCH3), 0.84 (t, J =
7.4 Hz, 3H, CH2CH3).
13C-NMR (150 MHz, TCE-d2) δ (ppm) 141.01 (arom. CCH2),
137.81 (arom. CH), 113.05 (CBr), 75.80 (OCH2CH), 71.86 (CI), 66.36 (CCH2O),
34.69 (OCH2CH), 26.08 (OCH2CHCH2), 16.52 (CHCH3), 11.30 (CH2CH3). GC–MS
(EI): 387.9, 389.9 (M+), 300.8, 302.8 (M+−OC5H11), 222.9 (M+−C5H11−Br + H),
174.9, 176.9 (M+−C5H11− I + H). FTIR (film on KBr) ν (cm−1) 3093 (weak,
arom. CH stretching), 2959 (strong, CH3 degen. stretching), 2928 (strong, CH2
antisymm. stretching), 2873 (strong, CH3 symm. stretching), 2858 (strong, CH2
symm. stretching), 1461 (medium, C C thiophene symm. stretching, CH3 degen.
deform.), 1413 (medium), 1178 (medium), 1098 (strong, CO antisymm. stretch-
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ing), 994 (medium, ring breathing), 833 (medium, arom. H out-of-plane bending),
471.
4.3.4 2-bromo-5-iodo-3-[((S)-2-methylbutyloxy)methyl]thio-
phene (2S)
Iodination of 2-bromo-3-[((S)-2-methylbutyloxy)methyl]-
thiophene
The synthetic procedure for 2-bromo-5-iodo-3-[(2-methylbutyloxy)methyl]thiophene
2 was followed using 2-bromo-3-[((S)-2-methylbutyloxy)methyl]thiophene 1S (0.959 g,
3.64 mmol), iodine (I2, 0.601 g, 2.37 mmol), iodobenzene diacetate (PhI(OAc)2,
0.700 g, 2.17 mmol) and dichloromethane (8 mL). The crude product was extracted
with dichloromethane and water, then was purified by two following silica gel col-
umn chromatographies (hexane:chloroform 9:1, then hexane:ethyl acetate 69:1)
affording 2-bromo-5-iodo-3-[((S)-2-methylbutyloxy)methyl]thiophene 2S as a pale
yellow oil (1.343 g, yield 95 %, GC–MS pure, 1H-NMR pure).
1H-NMR (600 MHz, TCE-d2) δ (ppm) 7.12 (s, 1H, arom. H), 4.31 (s, 2H, CCH2O),
3.25 (dd, J = 9.1 Hz (geminal), 6.2 Hz, 1H, OCH2CH), 3.17 (dd, J = 9.1 Hz (gem-
inal), 6.9 Hz, 1H, OCH2CH), 1.61 (m, 1H, OCH2CH), 1.39 (m, 1H, OCH2CHCH2),
1.08 (m, 1H, OCH2CHCH2), 0.85 (d, J = 6.7 Hz, 3H, CHCH3), 0.84 (t, J = 7.4 Hz,
3H, CH2CH3).
1H-NMR (600 MHz, CDCl3) δ (ppm) 7.15 (s, 1H, arom. H), 4.37
(s, 2H, CCH2O), 3.31 (dd, J = 9.0 Hz (geminal), 6.2 Hz, 1H, OCH2CH), 3.22 (dd,
J = 9.0 Hz (geminal), 6.7 Hz, 1H, OCH2CH), 1.66 (m, 1H, OCH2CH), 1.45 (m,
1H, OCH2CHCH2), 1.14 (m, 1H, OCH2CHCH2), 0.91 (d, J = 6.7 Hz, 3H, CHCH3),
0.89 (t, J = 7.5 Hz, 3H, CH2CH3).
13C-NMR (150 MHz, CDCl3) δ (ppm) 141.10
(arom. CCH2), 137.97 (arom. CH), 113.41 (CBr), 76.05 (OCH2CH), 71.97 (CI),
66.68 (CCH2O), 35.09 (OCH2CH), 26.34 (OCH2CHCH2), 16.73 (CHCH3), 11.43
(CH2CH3). GC–MS (EI): 387.9, 389.9 (M
+), 300.8, 302.8 (M+−OC5H11), 222.9
(M+−C5H11−Br + H), 174.9, 176.9 (M+−C5H11− I + H).
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4.4 Polymerization
4.4.1 Poly{3-[((S)-2-methylbutyloxy)methyl]thiophene} (P1S)
Polymerization of 2-bromo-5-iodo-3-[((S)-2-methyl-
butyloxy)methyl]thiophene
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2-bromo-5-iodo-3-[((S)-2-methylbutyloxy)methyl]thiophene 2S (266 mg, 0.684 mmol)
was placed in a Schlenk tube under nitrogen atmosphere. Then dry tetrahydro-
furan (4 mL) was added, the reaction mixture was cooled to 0 ◦C and isopropyl-
magnesium chloride (2.0m solution in tetrahydrofuran, 0.34 mL, 0.68 mmol) was
added dropwise. The mixture was stirred at 0 ◦C for 1 h, then a suspension of di-
chloro(1,3-bis(diphenylphosphino)propane)nickel (Ni(dppp)Cl2, 6.0 mg, 0.011 mmol)
in dry tetrahydrofuran (3 mL) was added in one portion, then was stirred at room
temperature for 24 h. The reaction was quenched by adding aqueous hydrochloric
acid (5m, 11 mL), then was extracted with chloroform (200 mL). The organic frac-
tion was reduced to few milliliters, precipitated from methanol (0.5 L) and filtered
(polytetrafluoroethylene (PTFE) membrane, 0.45µm). The solid was washed with
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hot methanol (50 ◦C), dried under reduced pressure and recovered mechanically
from the filter, redissolved in chloroform, reprecipitated in methanol and filtered
again to obtain poly{3-[((S)-2-methylbutyloxy)methyl]thiophene} P1S as a dark
red solid (35 mg, yield 22 %).
1H-NMR (600 MHz, TCE-d2) δ (ppm) 7.22 (s, 1H, arom. H), 4.54 (s, 2H, CCH2O),
3.40 (m, 1H, OCH2CH), 3.31 (m, 1H, OCH2CH), 1.69 (m, 1H, OCH2CH), 1.47 (m,
1H, OCH2CHCH2), 1.15 (m, 1H, OCH2CHCH2), 0.94 – 0.86 (m, 6H, CHCH3 +
CH2CH3).
1H-NMR (600 MHz, CDCl3) δ (ppm) 7.25 (s, 1H, arom. H), 4.58 (s, 2H,
CCH2O), 3.45 – 3.40 (m, 1H, OCH2CH), 3.36 – 3.31 (m, 1H, OCH2CH), 1.85 –
1.69 (m, 1H, OCH2CH), 1.57 – 1.49 (m, 1H, OCH2CHCH2), 1.24 – 1.15 (m, 1H,
OCH2CHCH2), 0.99 – 0.91 (m, 6H, CHCH3 + CH2CH3).
13C-NMR (150 MHz, TCE-
d2) δ (ppm) 136.54 (arom. CCH2), 133.68 (arom. SCCCH2), 132.91 (arom. SCCH),
129.28 (arom. CH), 75.88 (OCH2CH), 66.71 (CCH2O), 34.86 (OCH2CH), 26.25
(OCH2CHCH2), 16.73 (CHCH3), 11.38 (CH2CH3).
13C-NMR (100 MHz, CDCl3)
δ (ppm) 136.61 (arom. CCH2), 134.25 (arom. SCCCH2), 133.36 (arom. SCCH),
129.52 (arom. CH), 76.13 (OCH2CH), 67.02 (CCH2O), 35.23 (OCH2CH), 26.50
(OCH2CHCH2), 16.94 (CHCH3), 11.52 (CH2CH3).
1H-COSY, 1H-TOCSY, 1H,13C-
HSQC and 1H,13C-HMBC characterizations results are reported in table 2.2. FTIR
(film on KBr) ν (cm−1) 3064 (weak, arom. CH stretching), 2961 (strong, CH3
degen. stretching), 2930 (strong, CH2 antisymm. stretching), 2874 (strong, CH3
symm. stretching), 2858 (strong, CH2 symm. stretching), 2805 (medium), 2729
(weak), 1517 (medium), 1461 (medium, C C thiophene symm. stretching, CH3 de-
gen. deform.), 1378 (medium, CH3 symm. deform.), 1180 (medium), 1091 (strong,
CO antisymm. stretching), 838 (medium, arom. H out-of-plane bending).
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4.4.2 Poly{3-[(2-methylbutyloxy)methyl]thiophene} (P2)
Polymerization of 2-bromo-5-iodo-3-[(2-methylbutyl-
oxy)methyl]thiophene in presence of LiCl
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A Schlenk tube equipped with a septum and stirring bar was charged with lithium
chloride (85 mg, 2 mmol, hygroscopic) and was heated by a heat-gun under reduced
pressure. After the tube was cooled to room temperature under a nitrogen atmo-
sphere, 2-bromo-5-iodo-3-[(2-methylbutyloxy)methyl]thiophene 2 (152 mg, 0.391 mmol,
optical purity 59 %) was added and dried under reduced pressure (mechanical
pump). Then dry tetrahydrofuran (6 mL) was added, the reaction mixture was
cooled to 0 ◦C and isopropylmagnesium chloride (2.0m solution in tetrahydro-
furan, 0.20 mL, 0.40 mmol) was added dropwise (2 min) while stirring. The mix-
ture was stirred at 0 ◦C for 50 min, then a suspension of dichloro(1,3-bis(diphenyl-
phosphino)propane)nickel (Ni(dppp)Cl2, 4.84 mg, 8.93µmol) in dry tetrahydro-
furan (1.29 mL) was added in one portion. The reaction was stirred at 0 ◦C for
2 min and at room temperature overnight. The polymerization was quenched by
the rapid addition of aqueous hydrochloric acid (5m, 4 mL) and extracted with
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chloroform (4 × 2 mL). The collected organic fractions were washed with water (2
× 7 mL) and the solvent removed under reduced pressure. The resulting red solid
was fractionated by Soxhlet extraction using methanol (extracted 26 mg), hep-
tane (extracted 3 mg) and acetone (extracted 3 mg), and finally recovered using
chloroform. The solvent was removed under reduced pressure to give poly{3-[(2-
methylbutyloxy)methyl]thiophene} P2 as a dark red solid (43.3 mg, yield 61 %).
1H-NMR (600 MHz, TCE-d2) δ (ppm) 7.21 (s, 1H, arom. H), 4.55 (s, 2H, CCH2O),
3.40 (dd, J = 8.8 Hz (geminal), 6.2 Hz, 1H, OCH2CH), 3.31 (dd, J = 9.1 Hz
(geminal), 6.8 Hz, 1H, OCH2CH), 1.74 – 1.63 (m, 1H, OCH2CH), 1.53 – 1.41
(m, 1H, OCH2CHCH2), 1.18 – 1.08 (m, 1H, OCH2CHCH2), 0.92 (d, J = 6.7 Hz,
3H, CHCH3), 0.88 (t, J = 7.4 Hz, 3H, CH2CH3).
13C-NMR (150 MHz, TCE-d2)
δ (ppm) 136.55 (arom. CCH2), 133.68 (arom. SCCCH2), 132.90 (arom. SCCH),
129.28 (arom. CH), 75.88 (OCH2CH), 66.71 (CCH2O), end of spectral window.
FTIR (film on KBr) ν (cm−1) 3061, 2961, 2927, 2874, 2858, 2805, 1462, 1378, 1261,
1091, 1019, 841, 801.
4.4.3 Poly{3-[((S)-2-methylbutyloxy)methyl]thiophene} (P2S)
Polymerization of 2-bromo-5-iodo-3-[((S)-2-methyl-
butyloxy)methyl]thiophene in presence of LiCl
The synthetic procedure for poly{3-[(2-methylbutyloxy)methyl]thiophene} P2 was
followed using 2-bromo-5-iodo-3-[((S)-2-methylbutyloxy)methyl]thiophene 2S (312 mg,
0.802 mmol), lithium chloride (176 mg, 4.15 mmol), isopropylmagnesium chloride
(0.400 mL, 0.800 mmol), dichloro(1,3-bis(diphenylphosphino)propane)nickel (Ni(dppp)Cl2,
9.8 mg, 0.018 mmol), and tetrahydrofuran (20 mL). The crude product was ex-
tracted with chloroform and water, the collected organic fractions were dried under
reduced pressure and fractionated by Soxhlet extraction using methanol (extracted
52.5 mg), hexane (extracted 9 mg) and acetone (extracted 4 mg), and finally recov-
ered using chloroform. After solvent evaporation poly{3-[((S)-2-methylbutyloxy)-
methyl]thiophene} was obtained as a dark red solid P2S (113.6 mg, yield 78 %).
1H-NMR (600 MHz, TCE-d2) δ (ppm) 7.21 (s, 1H, arom. H), 4.54 (s, 2H, CCH2O),
3.40 (dd, J = 9.0 Hz (geminal), 6.1 Hz, 1H, OCH2CH), 3.31 (dd, J = 8.8 Hz
(geminal), 7.0 Hz, 1H, OCH2CH), 1.77 – 1.59 (m, 1H, OCH2CH), 1.52 – 1.36
(m, 1H, OCH2CHCH2), 1.19 – 1.05 (m, 1H, OCH2CHCH2), 0.92 (d, J = 6.5 Hz,
3H, CHCH3), 0.88 (t, J = 7.3 Hz, 3H, CH2CH3).
13C-NMR (150 MHz, TCE-d2)
δ (ppm) 136.55 (arom. CCH2), 133.68 (arom. SCCCH2), 132.90 (arom. SCCH),
129.28 (arom. CH), 75.88 (OCH2CH), 66.71 (CCH2O), 34.86 (OCH2CH), 26.25
(OCH2CHCH2), 16.73 (CHCH3), 11.38 (CH2CH3). FTIR (film on KBr) ν (cm
−1)
3062, 2961, 2928, 2874, 2858, 2805, 1462, 1378, 1091, 841.
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4.5 Synthesis of Mediator for Radical Polimer-
ization
4.5.1 1-(4-Bromophenyl)ethanol (3)
Reduction of 4-bromoacetophenone
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Sodium borohydride (NaBH4, 57 mg, 1.5 mmol) was added to a stirred solution of
4-bromoacetophenone (203 mg, 1 mmol) in ethanol (reagent grade, 10 mL). After
stirring for 4 h the reaction mixture was concentrated in mild vacuum and the
residue dissolved in dichloromethane (30 mL). The organic layer was subsequently
washed with distilled water (3 × 20 mL), the organic extract was concentrated in
mild vacuum to afford 1-(4-bromophenyl)ethanol 3 (155 mg, yield 76 %, GC–MS
pure).
GC–MS (EI): 202.0, 204.0 (M+), 184.9, 186.9 (M+−CH3), 156.9, 158.9, 121.1
(M+−Br), 103 (M+−Br−H2O).
4.5.2 1-Bromo-4-(1-bromoethyl)benzene (4)
Bromination of 1-(4-bromophenyl)ethanol
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In a 25 mL Schlenk tube phosphorus tribromide (PBr3, 60 µL, 0.64 mmol) was
dissolved in toluene dry (4 mL, this solution showed some white precipitate at
first, then turned to pale yellow). 2 mL of the previously prepared phosphorus
tribromide solution were added drop wise (10 min) to a solution of 1-(4-bromo-
phenyl)ethanol 3 (155 mg, 0.771 mmol in a 25 mL Schlenk tube) in toluene dry
(about 2 mL) at −5 ◦C (cooled using an immersion cooler in a external bath). The
reaction was stirred for 4 h keeping at −5 ◦C, then it was quenched with water.
The organic layer was separated and the aqueous layer was extracted with diethyl
ether (2 × 15 mL). The organic layers were collected and washed with water
(10 mL), dried over anhydrous magnesium sulfate, filtered and concentrated under
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reduced pressure (40 ◦C, 30 mbar, then nitrogen flux) obtaining a pale pink oil
(138 mg). From GC–MS analysis the product results to be a mixture of 1-bromo-
4-(1-bromoethyl)benzene 4 (peak area 55 %, 76 mg, 0.29 mmol, yield 37 %) and
4-bromostyrene (peak area 45 %, 62 mg, 0.34 mmol, yield 44 %).
GC–MS (EI): 263.9 (M+), 248.8 (M+−CH3), 183.0, 185.0 (M+−Br), 169, 171
(M+−Br−CH2), 155.9, 157.9 (M+−Br−CCH3), 104.1 (M+−Br−Br).
4.5.3 N-Tert-butyl-N -(2-methyl-1-phenylpropyl)-O-(1-phenyl-
ethyl)hydroxylamine (5)
Condensation of 1-bromo-4-(1-bromoethyl)benzene with
2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide
CuBr, Cu, BiPy
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In a 10 mL Schlenk tube copper(I) bromide (17 mg, 0.12 mmol), copper pow-
der (547 mg, 8.61 mmol) and 2,2’-bipyridine (84 mg, 0.54 mmol) were degassed
under reduced pressure and dry toluene was added (8 mL) obtaining a suspen-
sion. To a solution of the crude 1-bromo-4-(1-bromoethyl)benzene 4 (530 mg,
according GC–MS contains 55 % 1-bromo-4-(1-bromoethyl)benzene, 1.10 mmol and
45 % of 4-bromostyrene, 1.30 mmol, in 3 mL toluene dry) toluene dry (10 mL)
and 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO radical, 0.600 mL,
571 mg, 2.60 mmol) were added. Then this mixture was degassed by bubbling ni-
trogen and 1.88 mL of the previously prepared suspension was added dropwise.
After stirring the reaction mixture for 24 h at 75 ◦C (the suspension remained dark
yellow rather turning to green as expected), the reaction was cooled down, ad-
sorbed on basic allumina and filtered over basic alumina (column diameter 2 cm,
height 10 cm), using hexane as the eluent to obtain N-tert-butyl-N -(2-methyl-1-
phenylpropyl)-O-(1-(4-bromophenyl)ethyl)hydroxylamine (BrPhEt-TIPNO) 5 as a
viscous colorless oil (333 mg, from GC–MS and 1H-NMR analysis the product re-
sulted to be a mixture with 10 % of precursor 4 and 20 % of dimerized precursor
isomers (BrC6H4C2H4)2, so the yield in 5 was ≈ 50 %).
1H-NMR (600 MHz, TCE-d2) δ (ppm) 7.46 – 7.09 (m, 18H, arom. H), 4.83 (q, J =
6.6 Hz, 1H, CHO), 4.81 (q, J = 6.6 Hz, 1H, CHO), 3.35 (d, J = 10.6 Hz (geminal),
1H, CHN), 3.26 (d, J = 10.8 Hz (geminal), 1H, CHN), 2.24 (m, 1H, CH(CH3)2),
1.55 (d, J = 6.7 Hz, 3H, CH(CH3)2), 1.47 (d, J = 6.6 Hz, 3H, CH(CH3)2), 1.37 (m,
1H, CH(CH3)2), 1.24 (d, J = 6.3 Hz, 3H, OCHCH3), 0.98 (s, 9H, C(CH3)3), 0.89
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(d, J = 6.2 Hz, 3H, OCHCH3), 0.72 (s, 9H, C(CH3)3), 0.48 (d, J = 6.6 Hz, 3H,
CH(CH3)2), 0.21 (d, J = 6.6 Hz, 3H, CH(CH3)2).
4.6 Functionalization of Polythiophene as Macro-
initiator and Second Block Polymerization
4.6.1 End-functionalization of Polythiophene with Alde-
hyde (P2SA)
Pd(PPh
      
3
      
)
   
2
  
Cl
   
2
    THF
      
H
      
      
      
      
      
      
S
      
      
            
      
      
O
      
Br
      
      
      
      
      
      
      
S
      
            
      
      
O
      
O
      
      
      
            
S
      
            
            
      
S
      
H
      
      
      
      
      
      
S
      
      
            
      
      
O
      
      
      
      
      
      
      
S
      
            
      
      
O
      S
      
      
            
            
S
      
            
            B
      
O
      
OH
      
HO
      
n
      
n
      
Poly{3-[((S)-2-methylbutyloxy)methyl]thiophene}P2S (14.4 mg, quantity of chains
estimated using Mw 0.976 µmol) was added in a 100 mL Schlenk tube with B-
(5’-formyl[2,2’-bithiophen]5-yl)boronic acid (1.37 mg, 5.75 µmol, solution in dis-
tilled tetrahydrofuran 170 µL) and bis(triphenylphosphine)palladium(II) dichloride
(Pd(PPh3)2Cl2, 0.56 mg, solution in distilled tetrahydrofuran 175 µL), then the
mixture was dried on mechanical pump. Under nitrogen atmosphere dry tetra-
hydrofuran (6 mL) was added. Deoxygenated sodium carbonate aqueous solution
(1m, 1 mL) was added and the reaction was refluxed for 24 h under stirring in
nitrogen atmosphere. At room temperature the reaction was quenched by adding
distilled water (10 mL) and extracted with dichloromethane (3 × 20 mL). The
collected organic fractions were washed with water, concentrated then poured in
methanol (100 mL). The precipitated was filtered (PTFE membrane, 0.45µm poros-
ity), washed with diethyl ether and solubilized again in chloroform. The chloroform
solution was precipitated in methanol and filtered a second time obtaining a red
solid P2SA (11 mg, 76 % yield).
1H-NMR (600 MHz, TCE-d2) δ (ppm) 9.80 (s, 0.015H, H C O), 7.21 (s, 1H,
arom. H), 4.54 (s, 2H, CCH2O)), 3.40 (dd, J = 9.0 Hz (geminal), 6.1 Hz, 1H,
OCH2CH), 3.33 – 3.29 (m, 1H, OCH2CH), 1.76 – 1.65 (m, 1H, OCH2CH), 1.52
– 1.40 (m, 1H, OCH2CHCH2), 1.20 – 1.11 (m, 1H, OCH2CHCH2), 0.92 (d, J =
6.1 Hz, 3H, CHCH3), 0.88 (t, J = 6.7 Hz, 3H, CH2CH3). FTIR (film on KBr) ν
(cm−1) 2960, 2930, 2875, 1668, 1461, 1378, 1091, 840.
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4.6.2 Functionalization of Aldehyde on Polythiophene with
Radical Polymerization Initiator (P2ST)
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The previously synthesized bromo-alkoxyamine 5 (33 mg, mixture containing 23 mg
of N-tert-butyl-O-[1-[4-bromophenyl]ethyl]-N-(2-methyl-1-phenylpropyl)hydroxyl-
amine, TIPNO-Br, 57µmol; 3 mg of precursor 4, 11 µmol; 7 mg of dimerized
precursor isomers (BrC6H4C2H4)2, 19 µmol) was dissolved in dry tetrahydrofuran
(3 mL) and cooled to −40 ◦C. A solution of n-butyllithium (1.6m in hexane, 75µL,
120 µmol) was added dropwise while stirring, then was allowed to warm to room
temperature. In another flask polythiophene-aldehyde (10 mg) was dried under
vacuum and dissolved in dry tetrahydrofuran (3 mL) at 50 ◦C. The solution of
lithiated alkoxyamine was transferred via syringe into a solution of polythiophene-
aldehyde solution, the reaction was kept at 50 ◦C for one hour, then at room
temperature it was diluted with chloroform and poured in acetone (100 mL). The
red solid was collected by filtration (PTFE membrane, 0.45µm), dissolved in chlo-
roform and washed with methanol obtaining polythiophene-TIPNO P2ST as a red
powder (9 mg, yield ≈ 90 %).
1H-NMR (500 MHz, TCE-d2) δ (ppm) 7.21 (s, 1H, arom. H), 4.54 (s, 2H, CCH2O),
3.43 – 3.36 (m, 1H, OCH2CH), 3.34 – 3.27 (m, 1H, OCH2CH), 1.76 – 1.64 (m, 2H,
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OCH2CH), 1.51 – 1.42 (m, 1H, OCH2CHCH2), 1.19 – 1.10 (m, 1H, OCH2CHCH2),
0.92 (d, J = 6.4 Hz, 3H, CHCH3), 0.88 (t, J = 7.2 Hz, 3H, CH2CH3).
4.6.3 Poly{3-[((S)-2-methylbutyloxy)methyl]thiophene}-block-
poly(4-vinylpyridine) (P2S-PVP)
NMRP polymerization of 4-vinylpyridine
125°C
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Polythiophene-TIPNO P2ST (9 mg, 0.9 µmol of polymeric chains) in a Schlenk tube
was dissolved in degassed ortho-dichlorobenzene (2 mL) and sonicated. Then 4-
vinylpyridine (291 µL, 2.7 mmol) and 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitr-
oxide (TIPNO radical, 10µL of a 1 % solution in ortho-dichlorobenzene, 0.4 µmol)
were added. The whole reaction mixture was passed through three freeze/pump/thaw
cycles and heated to 125 ◦C. After 4 h the mixture showed no changes in color or
viscosity and the reaction was stopped cooling in liquid nitrogen. Then at room
temperature was diluted with chloroform (2 mL), poured in hexane (400 mL) and
stirred overnight. The so-obtained solid product was filtered (PTFE membrane,
0.45µm), recovered in chloroform and precipitated again in methanol. The orange
solid was washed first with hot toluene (70 ◦C) and the remaining product was
recovered with chloroform to achieve two different fractions (6 mg in toluene and
6 mg in chloroform).
1H-NMR (600 MHz, CDCl3) δ (ppm) 8.36 (broad s, P4VP arom. near N), 7.24
(s, thiop. arom. H), 6.48 (broad s, P4VP arom. far N), 4.58 (s, thioph. CCH2O),
3.49 – 3.40 (m, thioph. OCH2CH), 3.39 – 3.29 (m, thioph. OCH2CH), 1.78 – 1.69
(m, thioph. OCH2CH), 1.55 – 1.49 (m, thioph. OCH2CHCH2), 0.97 (d, J = 6.3 Hz,
thioph. CHCH3), 0.92 (t, J = 7.5 Hz, thioph. CH2CH3), 0.90 – 0.83 (m, P4VP
aliph.).
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1H-NMR (600 MHz, TCE) δ (ppm) 8.26 (broad s, P4VP arom. near N), 7.21 (s,
thiop. arom. H), 6.35 (broad s, P4VP arom. far N), 4.54 (s, thioph. CCH2O), 3.44
– 3.35 (m, thioph. OCH2CH), 3.34 – 3.25 (m, thioph. OCH2CH), 1.73 – 1.65 (m,
thioph. OCH2CH), 1.57 – 1.38 (m, thioph. OCH2CHCH2), 0.92 (d, J = 6.5 Hz,
thioph. CHCH3), 0.88 (t, J = 7.4 Hz, thioph. CH2CH3), 0.85 – 0.77 (m, H, P4VP
aliph.).
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Gas Chromatography–Mass Spectrometry
Figure A.1: GCMS TIC of Grignard metathesis and quenching reaction described in
section 2.1.3. Product 1 peak 15.23 min, area 94 %; precursor 2 peak
20.92 min, area 6 %.
Figure A.2: GCMS TIC of Grignard metathesis in presence of lithium chloride and
quenching reaction described in section 2.1.3. Product 1 peak 15.22 min,
area 78 %; precursor 2 peak 20.91 min, area 4 %.
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Figure A.3: 1H-NMR (600 MHz) of polymer P1S (35 mg, 5 mm tube) in TCE-d2.
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Figure A.4: 13C-NMR (150 MHz) of polymer P1S (35 mg, 5 mm tube) in TCE-d2.
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Figure A.5: 13C-NMR (150 MHz) of polymer P2 in TCE-d2.
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Figure A.6: 1H-NMR (600 MHz) of polymer P2S in TCE-d2.
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Figure A.7: 13C-NMR (150 MHz) of polymer P2S in TCE-d2.
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Figure A.8: 1H-NMR (600 MHz) of NMRP initiator BrPhEt-TIPNO 5 in TCE-d2.
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Figure A.9: 1H-NMR (600 MHz) of polythiophene-aldehyde P2SA in TCE-d2.
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Figure A.10: 1H-NMR (600 MHz) of polythiophene-TIPNO P2ST in TCE-d2.
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Figure A.11: 1H-NMR (600 MHz) of P2S-PVP washing in toulene in TCE-d2.
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Figure A.12: 1H-NMR (600 MHz) of P2S-PVP purified fraction in CDCl3.
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Figure A.13: Matrix-assisted laser desorption-ionization–time-of-flight mass spec-
trometry (MALDI–TOF MS) in linear mode of polymer P2S.
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Infrared Spectroscopy
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Figure A.14: FT-IR of pure viscous liquid 2 on KBr disk, discussion in section 2.3.1.
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Figure A.15: FT-IR of polymer P1S as a film drop cast from dichloromethane on
KBr disk, discussion in section 2.3.1.
103
100020003000
0
0.2
0.4
0.6
0.8
1
Wavenumber (cm−1)
N
or
m
al
iz
ed
tr
an
sm
it
ta
n
ce
(%
)
Figure A.16: FT-IR of polymer P2 as a film drop cast from chloroform on KBr disk,
discussion in section 2.3.1.
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Figure A.17: FT-IR of polymer P2S as a film drop cast from dichloromethane on
KBr disk, discussion in section 2.3.1.
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Ultraviolet–Visible Spectroscopy
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Figure A.18: UV-vis spectra of polymer P1S in chloroform-methanol mixtures.
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Figure A.19: UV-vis spectra of polymer P2 in mixtures of good-poor solvents.
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Figure A.20: UV-vis spectra of polymer P2S in chloroform-acetonitrile mixtures.
Concentration 137 mg L−1. Pathlength 1 mm. Molar absorptivity is
referred to the quantity of thiophene rings;  = abs/(l(cm) · c(mol/L)).
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Figure A.21: UV-vis spectra of polymer P1S in chloroform, in chloroform-methanol
solution and thin film spin coated from a chloroform solution at 700 rpm.
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Figure A.22: UV-vis spectra of polymer P2S in thin films cast and spin coated from
various solutions.
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Figure A.23: Stacked UV-vis spectra of polymer P2S in thin film spin coated from
various solutions and dipped in pentane.
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Figure A.24: UV-vis spectra of polymers P1S, P2 and P2S in KCl disks.
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Photoluminescence
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Figure A.25: Photoluminescence of polymers P1S, P2 and P2S in chloroform solu-
tion.
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Figure A.26: Photoluminescence of polymer P1S in chloroform-methanol solution.
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Circular Dichroism Spectroscopy
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Figure A.27: Circular dichroism and UV-vis absorbance (as recorder by circular
dichroism spectrometer) of polymer P2 and P2S in good solvents so-
lutions. Concentration for polymer P2S was 137 mg L−1, for P2 con-
centration is unknown. Pathlength 1 mm.
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Figure A.28: Circular dichroism of polymer P1S in chloroform-methanol mixtures.
Concentration 137 mg L−1. Pathlength 5 mm. Molar circular dichroism
is referred to the quantity of thiophene rings; ∆ = θ(mdeg)/(32982 ·
l(cm) · c(mol/L)).
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Figure A.29: Dissymmetry factor of polymer P2 in THF 50 % - CH3CN 50 % at
various concentrations and comparison with polymer in CHCl3 50 % -
MeOH 50 % mixture. Where not specified a concentration of 137 mg L−1
was used. Pathlength 1 mm.
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Figure A.30: Unusual circular dichroism found for polymer P2 in chloroform-
acetonitrile and tetrahydrofuran-acetonitrile mixture. Concentration
not known.
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Figure A.31: Circular dichroism of polymer P2S in chloroform-acetonitrile mixtures.
Concentration 137 mg L−1. Pathlength 1 mm.
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Figure A.32: Circular dichroism of polymer P2S in tetrahydrofuran-acetonitrile mix-
tures. Concentration 137 mg L−1. Pathlength 1 mm.
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Figure A.33: Dissymmetry factor of polymer P1S in thin film spin coated from chlo-
roform and comparison with chloroform-methanol mixture (rescaled).
g(λ) = ∆(λ)/(λ).
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Figure A.34: Dissymmetry factor of polymer P2 in thin film cast from dichloro-
methane and comparison with polymer in chloroform-methanol mixture
(rescaled).
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Figure A.35: Circular dichroism of polymer P2S in thin film from spin coating and
dipping in pentane. Spectra are stacked.
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Differential Scanning Calorimetry
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Figure A.36: Differential scanning calorimetry of polymer P2 in absence of oxygen.
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Figure A.37: Differential scanning calorimetry of polymer P2S in absence of oxygen.
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X–Ray Diffraction
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Figure A.38: X-ray diffraction of polymer P1S and P2S thin films from spin coating
or coating on quartz.
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Figure A.39: Small-angle X-ray scattering (SAXS) of polymer P2S in bulk solid.
